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The disadvantaged people in South Africa are unfortunate. by virtue of their financial 
status. It was estimated in 1992 that 20 % of the South African population live in 
infonnal settlements. The houses in these settlements are found to be very energy 
inefficient. This study was aimed at developing low cost thermal insulating materials 
that can be used to increase energy efficiency of the houses in these informal 
settlements. This was done by firstly studying the properties of thermal insulation 
materials. Furthermore, common thermal insulating materials in South Africa were 
studied and evaluated. Only recycled polymeric based materials ere examined for 
selecting the raw materials that were used to investigate the feasibility of the thermal 
insulating materials from waste material. 
The experimental work was extended to construct a thermal conductivity rig that was 
to be used in measuring the thermal conductivity of both the developed and existing 
thermal insulating materials. The expanded polystyrene obtained from Sagex (Pty) 
Ltd and polyester obtained from Isotherm (Pty) Ltd. were evaluated and compared to 
the manufactured recycled polymer slabs and expanded polyethylene foams (EPEF). 
Expanded polyethylene foam and recycled polymer slab samples were subjected to 
mechanical and physical testing. A temperature comparison test and thermal 
conductivity determination were conducted on both the expanded polyethylene foam 
(EPEF) and recycled polymer slab (RPS) samples. The scanning electron microscope 
(SEM) was used to reveal the micro-structures of all the developed thermal insulating 
material samples. The expanded polystyrene and polyester thermal insulating 
materials were also examined using the SEM. Optical microscopy was only used on 
RPS samples. 
It was found in this research, that the properties that govern the viability of thermal 
insulating materials are: thermal conductivity (k-value), thermal resistance (R-value), 












combustibility, moisture absorption and the presence of hazardous gases during 
burning. The temperature comparison test showed that the recycled polymer slab 
(RPS) and expanded polyethylene foam (EPEF) retards the flow of heat to levels 
comparable to that of the locally obtained thermal insulation. The comparative cut 
bar method was found to be relatively cheap to design and it was ideal for the 
measurement of the thermal conductivity of polymeric based materials. The k-value 
of all the EPEF samples was measured to be around 0.04 W.m-IK-I and the RPS k-
value was found to be 0.05 W.m-IK-I. lbis is attributed to air pockets with lower 
conductivities values, found within the structure of the polymeric thermal insulating 
materials. The porous structure is evident from the SEM micrographs of both the 
EPEF and RPS samples. One grade of expanded polyethylene foam, the SPX80, had 
accumulated less moisture when moisture absorption was compared with other EPEF 
samples. The RPS material did have a propensity for absorption of water. The 
flammability retardant tests have showed that gypsum board has to be incorporated 
during service for the RPS and SPX80. The mechanical testing results also suggest 
that both the EPEF and RPS need to be supported when installed in a ceiling, for 
example. 













WHO World Health Organization 
CSIRO Commonwealth Scientific and Industries Research Organisation 
RDSM Residential Demand Side Management 
u.S United States of America 
k-value (k) Thermal Conductivity 
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1: Introduction 1 
CHAPTERl 
TI N 
1.1 BACKGROUND TO THE PROJECT 
This research project is a partnership project comprising the City of Cape To~ the 
Environmental Evaluation Unit and Centre for Materials Engineering at the 
University of Cape Town and the Wood Science Department at the University of 
Stellenbosch. This project can be viewed in the broader context as a South African 
government initiation to deliver sustainable settlements under Agenda 21 and the 
Habitual Agenda. The South African government's housing policy has the objective 
of ensuring that every South African has access to housing, hence providing thermally 
efficient houses would be consistent with the policyl. 
The disadvantaged people in South Africa are unfortunate, by virtue of their financial 
status. As a result they are forced to reside in dwellings of sub-standard materials. 
These are however, the only fo m of accommodation they can afford. The structures, 
such as shacks are extremely energy inefficient and in tum give rise to several other 
problems2• Most shacks are built from wood, corrugated iron, fibre cement, or a 
combination of the three. There is potential of saving energy by closely examining 
how heat is lost from corrugated structures3• 
It was estimated in 1992 that 20 % of South African population is living in informal 
settlements4• The houses in these settlements are found to be very energy inefficient. 
The inhabitants can spend up to 20 % of their disposable income on heating and they 
use mainly low energy content fuels, bio-fuels and inefficient heating methods that 
also contribute to energy wastages. The burning of low energy content fuels further 
result in high personal exposure to total suspended particulates. A study on low cost 











I.' Introduction 2 
houses in South Africa indicates that extremely high levels of exposure of between 3 
and 12 times higher than that prescribed by the World Health Organization (WHO), 
are currently experienced'. 
1.2 THERMAL INSULATION IN SOUTH 
AFRICA 
Low income communities deem thermal performance an important standard for 
housing in South Africa Acceptable indoor thermal conditions result in greater user 
satisfaction, better health and lower electricity accounts'. Residential Demand Side 
Management (RDSM) of South Africa and the City of Cape Town aim to improve 
electrical use in residences by promoting energy efficiency and load shaping. Load is 
the amount of electric power or energy delivered or required at any specified point or 
points in a system and load shaping is the adjustment of storage releases so that 
generation and load are continuously in balance. From the electricity supply point of 
view, space heating with electrical resistance heaters presents a particular problem. In 
South Africa, there is evidence that this end-use is largely to blame for annual peak 
load and poor daily load shapes. The situation will rapidly deteriorate further in the 
near future, as a result of massive housing construction driven by the South African 
Government, and this coincides with the "electricity for all" campaign requiring that 
every South African has electricity connected to their homes. Another important issue 
is the design of more than 1000 new houses that must be built per year in South Africa 
to alleviate South Africa's housing crisis'. 
The new houses have to be prudently designed and built to ensure the optimum use of 
energy resources. For this reason, this thesis evaluates energy efficiency design 
factors based on thenna! insulation that should be incorporated in the design of the 
new low cost houses. Electricity suppliers and the Government are also interested in 
electrical energy savings, so that capital expenditure on new generating equipment 
can be postponed, and also, to minimise the impact on the environment. 
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South African residential consumers, on the other hand, see affordable electricity as a 
requirement for an improvement in their standard of living. The convenience of 
small, portable, inexpensive, electric resistance heaters makes these appliances ideal 
mass consumer items for households. This problem is worsened by the mildness of 
the South African climate, which allows houses to be built with complete disregard 
for thermal response considerations. The fact that the heating season is relatively 
short makes the adoption of the unplanned space heating measures popular!', 
1.3 INTERNATIONAL EXPERIENCE ON 
THERMAL INSULATION 
The "demand side" of the electricity market can be divided into the industrial, 
commercial and residential sectors. In each sector the typical use of electricity is 
different. Studies have indicated that the opportunity for demand management in 
these sectors is substantials. International experience, articularly in the United States 
of America, shows that considerable electrical savings are possible for the residential 
sector. Many countries have programs targeting the residential sector, particularly, 
with the aim of improving the load factor. Most of the overseas experience is in cold 
climates and therefore they are not applicable in South Africa. However, experience 
in other countries shows energy savings of above 20 % in residential areas are 
achievable8• It also appears possible to improve the residential load shaping. In this 
case the measures that have been employed include thermal insulation of residences. 
Thirty years after the introduction of compulsory thermal insulation in most European 
countries, insulation materials still form the major tool for the improvement of a 
building's energy behaviour. The use of insulation materials has in~ both in 
terms of buildings being insulated and in the minimum values of insulation required 
by the national regulations. This degree of insulation necessary becomes clear when 
considering the thermal conductivity values foreseen in various European countries 
for the building envelope of presently built residential buildings and they are 
presented in table 1.1 H. The k-values in table 1:1 were derived from computer 
simulations that were based on the regions estimated temperature and building 
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traditions. This indicates that the k-values for insulating materials depend on the 
adapJabilit), or an insulating material for particuhtr national, regional or even local 
building methods and trdditions. Tn that senw, the k-values foreseen theoretically for 
specific regions are diHi::renl becau.w the materials used in buildings can alter the 
performance or (henna! insulating materials. 
Table 1.1: Typical thermal conductivity (W.m-'K- ' ) values for the building envelope 
or pre~ently built residential buildings in VariOliS European countriesil . 
I{oof~ Outl'r Wall! Ground n)Or~ Windnws 
A~'tria 0.2-0.3 0.3-0.4 0.4-05 1.0-l.S 
Belgium 
(H~ndm) 
0.4-0.5 0.5-0.6 0.6-0.6 1.5·2.5 
Demurk 0.\-0.2 0.2-0.3 0,1-0.2 1.5·25 
Finland 0.1 -0.2 0.2-0.3 0,2-0.3 15_2.0 
h .. c~ 0.2-0.3 0..1.0.6 0.4-0.5 1.5-2.5 
G.nun} 0.2-0,] 0.5 -0.6 0.4-0.5 1.0-1.5 
(;r""r~ OA-O.5 0.5-0.7 0.7-1.9 '.5_3.5 
Jr~lalld 0.1-0.2 0.2-0.] 0.2-0.3 1.5-2.5 
ltal~ OJ-OA 0.4-0.5 OA-O.5 2.5-3.5 
Lithll~nilo 0.1-0.2 0.2-0.3 0.2-0J 1.5-2.5 
.~or"a!' 0.1-0.2 0.2-0.] 0.1-0.2 1.0-LS 
Portu~al 0.6-0,6 0,6-0,6 0.6-0.6 2.0-3.0 
Rllssiln 
l"tlnltion 
0,1-0,4 0,1-0,2 0.1-0.4 J.5-3.5 
Spain 0,6-(],6 0,6-0,6 0.6-06 2.5-].5 
S"-i17-,,rllntl 0.3-0.4 0.3-0.4 0,6-0,6 1.0- 1.5 
no: 0,1-0.2 0,3-0 ,4 0,2-0.3 1.5-2.5 
nit 'Mh~rl.ntls 0,2-0.3 0,2-0.4 0.2-0.3 1..\_2.5 
S"td.11 o 1-0.2 0,1 -0 ,2 0,1-0,2 1.0-1.5 
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Figure 1.1: Comparison of the evolution of insulation thicknes~ applic. .. hle in walls 
in European cOlmtricsu 
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Figure 1.3: Comparison of the evolution of insulation thickness applicable in roofs in 
European eountries12. 
The evolution that has taken pbcc since !he early 1970's becomes evident when 
considering the in<.Tease in the typical insulation thickness required in Furopean 












countries over the past years. These are depicted for walls and roofs in figure 1.1 and 
figure 1.2, respectively12. It is interesting to note that whilst in some countries, 
mainly in Northern Europe, the requirements have almost doubled during this period, 
in others like in Greece, the standards have remained unaltered. 
1.4 ENERGY SAVING ASSOCIATED WITH 
THERMAL INSULATION 
As climate modifiers, buildings are usually designed to shelter occupants and achieve 
thermal comfort in the occupied space backed up by mechanical heating and air 
conditioning systems as necessary. Significant energy savings could be achieved if 
they are properly designed and operated. For every unit of energy saved by a given 
measure of technology, resources will be saved and annual operating costs associated 
with producing that unit of energy will be reduced or even eliminated. Therefore, 
building designers can contribute to solving the energy problem if proper early design 
decisions are made regarding the selection and integration of building components. 
Thermal insulation is a major contributor to energy savings. It is an obvious practical 
and logical first step that can be used to achieve energy efficiency in envelope-loading 
dominated buildings located in places with harsh climatic conditionsll. 
Space air conditioning uses a large share of the energy used to operate buildings. In 
the average American home, for example, space heating and cooling account for 50 
ro-70 % of its energy usagel ". This percentage could be higher in other parts of the 
world with more harsh climatic conditions and less energy efficient buildings. The 
amount of energy required in cooling or heating a building depends on how well the 
envelope of that building is treated thermally, especially in envelope dominated 
structures such as residences. The thermal performance of the building envelope is 
determined by the thermal properties of the materials used in its construction. This 
performance is characterized by its ability to absorb or emit solar heat l ". 
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The placement of the insulation material within the building component can affect its 
performance under transient heat flow. The best performance can be achieved by 
placing the insulating material close to the point of entry of heat flow. This means 
that the placement of the insulation on the inside of the building's wall is efficient 
where winter heating is dominant and on the outside of the building's wall where 
summer cooling is dominant, for different climatic condition in the world. However, 
for practicality, it is common to use insulation on the inside or between waH cavities. 
1.5 PROJECT MOTIVATION 
This project was motivated by the living conditions of low income communities living 
in informal settlements, and formallow-oost housing in South Africa. Since informal 
low-oost houses are poorly sealed from the outdoor environment, heat streams occur 
inside the house during summer months and outside during winter months. In winter 
months, up to 20 % of the occupant's income can be spent on heating. To provide 
heat by burning bio-fuels leads to high levels of indoor pollution. This situation is 
undesirable for the occupants as it poses a serious health risk. Indoor pollution, health 
risks, and depletion of natural resources as a result of the high space heating 
requirements, are a problem. This can be addressed simultaneously by increasing the 
energy efficiency of these low cost houses. 
The domestic sector is one of the largest electricity consumers in South Africa15• 
Households alone consume approximately 29 % of municipal electricity. This figure 
is expected to increase to 37 % by the year 201516• One of the reasons for this 
expected rise is the recently electrified urban townships. South Africa is also 
experiencing a rapidly increasing peak demand, of which households contribute over 
20 % to this peak demand17• To forestall the building of costly new power stations, 
the peak demand must be reduced. Electricity savings in the domestic sector could 
therefore have a significant impact. The environment will also benefit from these 
savings. 
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Recent studies indicate that South Africa's contribution to the additional radiation 
load on the global atmosphere though emissions are roughly 1.2 %18. This is very 
high when considering South Africa's contribution to the world economy and 
population. Electricity generation accounts for a large portion of these unwanted 
emissions, which are mostly greenhouse gases Ill. Effective energy management is the 
cheapest alternative to decreasing pollution in the energy industryl9. A better 
approach is to improve the thermal performance of the house shell. Passive design 
aspects such as building orientation, insulation, window sizes and exterior colour 
should be investigated. The main benefit of this strategy is that once a house is 
designed to be thermally efficient, no further effort is required. Matthews et al. had 
shown in their research that thermal insulation gives maximum savings in energy 
when compared to other forms energy savings3• 
1.6 AIMS OF THE PROJECT 
The aims of this project were to: 
1. Study the material panmeteD contributing to the thermal insulating 
properties of a material. 
This win be achieved by studying the existing thermal insulating materials on the 
South African market. This is done in order to understand what makes a material a 
good thermal insulating material and to know what types of the thermal insulating 
materials are available on the South African market. 
2. Develop a low-eost thermal insulating material 
This is to be achieved by examining the polymer based materials that can be used as 
raw materials to develop a reasonably inexpensive thermal insulating material(s) that 
is simple to install, user-friendly, practically safe, moisture resistant, and non-
flammable. The developed insulating material(s) is further intended to reduce energy 
heating costs and increase comfort levels in South African residential houses, mainly 
in formal low-cost housing and be produced with low technology. 
3. Measure aceuntely the thermal conductivity of developed thermal insulating 
materials. 
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This win be achieved by constructing a thermal conductivity device (rig) that win 
measure thermal conductivity. This thermal conductivity win be used to calculate the 
R-value, and to illustrate the material's ability to resist heat conduction through it. 
The R-value is the thickness of the panel divided by the thermal conductivity. 
1.7 LIMITATIONS TO THIS THESIS 
The limitations of this thesis are: 
This project is mainly experimentally based. In this regard no simulation or 
modelling software has been used. Any built device will only be applicable to 
polymer based materials. 
1.8 OUTLINE OF THIS THESIS 
The work that was carried out in the current study is reported in different chapters. 
Chapter 2 gives the literature review. The literature review discusses the background 
into insulation, different forms of insulation and insulating materials, energy saving 
methods through insulation, a comparison of insulating materials on environmental 
impact, the thermodynamics beh nd heat transfer and the relevant terminology. 
Chapter 3 describes all the test methods that were followed to achieve the aims of this 
project research. The results obtained in this investigation are given in Chapter 4 and 
discussed in Chapter 5. The conclusions that can be drawn from Chapter 4 and 
Chapter 5 are then stated in Chapter 6. Recommendations for the future work are 
listed in Chapter 7. 















Thermal insulation is the use of special materials that retard the flow of heat energy. 
It prevents the loss of heat, so saving on fuel and money, and contributing to safety 
and comfort. In general insulation is a barrier that minimizes the transfer of heat 
energy from one material to another by reducing the conduction, convection and 
radiation effects. There is a wide variety of insulating materials, including minerals-
based materials. Insulation is mainly measured in R-values, the resistance to heat 
flow. Therefore the higher the R-value (a measure of the material's ability to resist 
heat flow through it) the better the insulating material is to restrict heat flow. 
Although insulation can be made from a variety of materials. it is usually used in four 
different types viz. batts, roUs, loose-fiU and rigid foam boards. Each type is made to 
fit in a different part of a building. The choice of the material depends on cost, 
temperature, application, environment and safety. The thickness of insulation should 
be calculated so as to optimise the cost of the insulation against the savings in energy. 
2.2 BACKGROUND INTO INSULATION 
From caves to super insulated houses. human beings have demonstrated the need for 
protection from the elements. The true origins of the science of thermal insulation, 
however, are difficult to identify. Organic materials have served as the natural 
prototype for thermal insulators. Evolutionary examples include fur covering the 
polar bear or feathers on a bird, cotton, wool, straw and even hair. Prehistoric human 
beings clothed themselves with wool and skins from animals. They built homes of 
wood, stone, earth and other materials for protection from the cold winter and the heat 
ofsumme~o. 
. ................................................................................................................................ = 












For thousands of years. house structures were designed to best suit the climate of their 
location. For example. using the earth as an insulator, the Egyptians retired to the 
coolness of subterranean chambers and caves on hot dayslO. Historians believe that 
the ancient Greeks and Romans discovered asbestos and found many uses for it 
because of its resistance to heat and fire. The Romans even used cork for insulation in 
shoes in order to keep their feet warm. Pliny. in the fIrst century, referred to the use 
of cork as an insulating material for roofs. Early inhabitants of Spain lined their stone 
houses with cork bark, and North African natives used cork mixed with clay for the 
walls of their dwellings21• 
2.3 THERMAL INSULATING MATERIALS 
Thermal insulating materials are dependent energy productions that depend on the 
structure they are insulating. They form part of complex structural elements which 
form a building's covering. Based on the fact that they are not independent energy 
production systems they cannot be evaluated in the same way as energy producing 
systems e.g. solar, thermal or photovoltaic systems. They have to be evaluated as an 
integral part of a building's design and construction. The quality of a thermal 
insulating material depends on its adaptability to local building methods. In that 
sense, materials are widespread in specifIc regions. even though from the scientifIc 
point of view, any material could be used instead. When high specifications are set on 
certain mechanical properties and humidity resistance or where the initial cost factor 
is less important, there are certainly very expensive different thermal insulating 
materials. A further point of interest is the development of alternative materials, like 
sheep wool and cotton wool and the so called intelligent materials, such as transparent 
insulation and dynamic materials with temperature dependent thermal conductivity 
propertiesll. 
Insulating materials are dominated by inorganic fibrous materials. glass wool and 
stone wool, which account for 60 % of the European market'. Organic foamy 
materials such as expanded and extruded polystyrene and a lesser extent polyurethane 
account for 27 % of market. The remaining 13 % is accounted for by other insulating 
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materials like combined materiah. Insuhtting materials are c!assifi~u according to 
their chemical or physical structuTC. 'Ihe mostly widely used building insulating 
materials arc classified in table 2.1", 
Table 2.1 : Classification of the most used in~uhtling malerial~ll. 
In,ulotiDg ~1.t.Fi. I. 
IMor~."k MaIO,;. ,. Or~.nk Mat .. i.l. 
Corubin. d '\"." T«bD.I'lk.1 
~,"!<ri"l. M.f<ri •• < 
{F .... yl 
I···..,'J hp, nd,d Pol, ... "" .... (, .. " E,j • ..",. r..I, .. , ..... 
Poly ... ,h,., F .... 
I""''', b .... k .. ) 
Co' , 0; ... ,,,, .... ',i.," ,,, .... , ... _"".ml. 
".1 .......... G,,",._ ro ... 
D, .... ~ M.It";"]. 
IHb_'1 I'b .. , J 1'0. " Wood " "'" 
,,,.,,'''_, I"· ..... ) 
St • • , ,, ... &0<,. Woo , 
('o1to. W_ J 
C_.,Hb" 
Ct,,"'''' 
'Jhc thcrmw insulating materi<li s growth in th", mark.:! is an issue or economics. with 
further development depending on both improvements in the production processes 
and on ach ie" ing economies scale. ['here is a series of new ready-to-use thermal 
insulation buikling components that h~ve been developed ror specific construc\ions. 
These components arc mainly prefabricated thermal insulation panels for commercial 
and office buildings and prer~bricated thenn <li insuhttion panels lilr residenti~l 
buildings, 'lbc performance of the insulating materi<il itself in these proouc\s (be it 
organic foamy or inorganic fi brous) remains the main determinant or such a 
component's energy behaviour. The measure of their success, however, depends on 
criteria such as ooaptabilily, handling and cost ll. 













Blankets (harts or rolls) are divided mainly into three types, fibreglass, rock wool and 
polyethylene. 
2.3.1.1 Blanket Fihreglass 
Sand and recycled glasses are mainly used as raw materials to manufacture fibreglass 
thermal insulation. Fibreglass has good fire resistance and an excellent resistance to 
direct sunlight with a maximum service temperature range from -4 °c to 260°C as 
well as high sound absorption. When compressed, its R-value decreases and produces 
irritating dust during installation of the fibreglass insulation. It has a thermal 
conductivity range from 0.033 W.m-1K-1 to 0.04 W.m-1K-1• It is typically applied to 
frame walls or ceilings, partitions, prefabricated houses, irregularly shaped surfaces, 
ducts and pipes for insulationll,13. 
2.3.1.2 Blanket Rock Wool 
Rock wool which is extracted from natural rocks has density values between 40-200 
kg.m-3• The larger proportion of rock wool is from steam injection into molten slag. 
It is applied to the same places as fibreglass. It has good fire resistance, excellent 
resistance to direct sunlight and a very high sound absorption factor with a maximum 
service temperature of 800°C. Like fibreglass it produces irritating dust during 
installation and the R-value decreases on compression13• It has a low thermal 
conductivity of 0.037 W.m-1K-1• 
2.3.1.3 Blanket Polyethylene 
The service temperature of polyethylene is 90°C. It has poor resistance to fire with 
good resistance to direct sunlight. It is mainly placed in ceilings, hangers, wrapping, 
carpet underlay and expansion joints. It has a low thermal conductivity of 
approximately 0.041 W.m-1K-1 and it emits toxic organic smoke when buming13• 
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2.3.2 LOOSE FILL 
Loose-fill blow-in or poured-in thermal insulation is divided into five different 
thermal insulating materials. Open cell structure fibreglass, open cell structure rock 
wool, cellulose, vermiculite and perlite. 
2.3.2.1 Open Cell Fibreglass and Rock Wool 
Even though open cell structure fibreglass and open cell structure rock wool share the 
same properties as normal fibre glass and rock wool as described above, they are 
mainly applied to cavities and around obstructions. Adhesives are added to both of 
them to provide more resistance to air infiltrationll. 
2.3.2.2 Cellulose 
Cellulose produced from ground waste paper has a very good fire resistance when fire 
resisting chemicals are added to it. Its maximum operating temperature is 80°C with 
good resistance to direct sunlight and it is mainly used in cavities. It is a good 
insulating material with a thermal conductivity value in the range of 0.046 W/m-1K-1 
to 0.054 W.m-1K-I l2,l3. 
2.3.2.3 Perlite 
Perlite is a volcanic rock containing 2 to 5 % bonded water. It is a chemically inert 
substance composed mainly of Si<h and AI, but some impurities, such as Na20, CaO, 
MgO and K20, which are hygroscopic, can absorb moisture easily. Therefore, 
depending on the storage conditions and the quality of the perlite, moisture absorption 
can be minimized. 
2.3.2.3.1 Expanded Perlite 
The average density of expanded perlite is about 130 kg.m-3 and its thermal 
conductivity is about 0.047 W.m-1K-1• The perlite is expanded by means of rapid 
heating to a temperature between 800 °c and 1200 °c. The vaporization of the 












bonded water and the formation of natural glass results in the expansion of the perlite 
particles, which have a granular shape2l• 
The main parameters that define the characteristics of expanded perlite are: 
., The origin of the volcanic rock . 
., The granulometric characteristics of the mineral before the expansion process . 
., The temperature of expansion. 
However, despite its good insulating efficiency, it is only effective when it is dry or in 
a loose granular state. As these granules tend to absorb moisture and settle after 
installation, it becomes less effective as an insulation material with time. The most 
common way of applying perlite is to pour the granules and spread them manually. It 
can fiU small spaces more completely than fibrous insulation materials. Loose fill 
insulation, such as expanded perlite, may be used in combination with other types of 
insulation material (e.g. slabs of cenular plastics) for fining awkwardly shaped areas 
where cutting of slabs to the desired shape would be time consuming and incomplete. 
Caution is needed during handling and installation of expanded perlite, as perlite dust 
can cause chronic poisoning. 
2.3.2.3.2 Unexpanded PerUte 
Unexpanded Perlite is produced from natural glassy volcanic rock. It has excellent 
resistance to open fire with a thermal conductivity value in the range of about 0.040 
W.m-1K-1to 0.06 W.m-1K-1. The maximum service temperature of perlite is 760 °c. 
Unexpanded perlite is mainly mixed with Portland cement for walls, roofs, floors and 
plastering when it is used2l• 
2.3.2.4 Vermiculite 
Vermiculite is made from expanded mineral called mica. When mica is exposed to 
high temperatures it expands to form vermiculite. Vermiculite is used mainly as an 
insulating material. Vermiculite has a relatively high density (64 kg.m-3-130 kg.m-3), 
with a relatively low thermal conductivity (0.063 W.m-1K-1-0.068 W.m-1K-1). It also 
has excellent resistance to fire, good resistance to direct sunlight and its maximum 
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service temperature is 1315 K. It is mainly poured into ceiling, cavity walls, and the 
cores of hollow core bricks13. 
2.3.3 RIGID BOARDS 
Rigid board is another form of thermal insulating- material that is mainly divided into 
four types, viz.: fibre glass (open cell structure), expanded polystyrene (closed cell 
foam), extruded polystyrene (closed cell foam), polyisocyanurate (closed cell foam) 
and polyurethanell. Both expanded and extruded closed cell foam polystyrene have a 
maximum service temperature value of 100°C. Though polymerization styrene can 
be made into white pearls or beads of polystyrene plastic. These beads can then be 
expanded to form foam known as expanded polystyrene. 
2.3.3.1 Rigid Board Fihreglass 
The rigid board fibreglass has a higher maximum servtce temperature of 
approximately 350°C compared to the baits and loose fill equivalents and is more 
rigid than batts. It is applied mainly on roofs, cavity walls and prefabricated 
structures. In general fibreglass matting is also used as a thermal insulating material 
and offers the following advantages: 
.. High resistance to fire. 
.. High resistance to microbiological attack. 
.. Good resistance to most chemicals. 
.. High heat resistance . 
.. Available in a variety of presentations (e.g. blankets, mats, loose fin and boards). 
.. Low thermal conductivity. 
The thermal conductivity of rigid board fibreglass depends on density as indicated in 
table 2.2. 











Table- 2.2: Values of !he !hennal conductivity and density values of the 
fibreglass thennal insulation at 273 K where "Type" signifies the 




h\lim' W /", K 
Type I l G_1 3 Rn44 
Type 11 19-3D n.n37 
T,pe III 31 .... 5 0.034 
Type [V ~6-65 O.D33 
Type V M_~ 0.033 
Type VI ') I 0.036 




Rigid board l1breglass insulation is UHulable in roll s o f dine:rent thicknesses, which 
arc also called blankets or mats. "Ihc width of the blankets and mats will depend on 
the way they are to be installed and some are faced on one side with ahuninium foil or 
Krall paper, wh ich serve as .'upour barriers, Krall paper is a relatively heavy_ high 
strength su lphate paper used mainly in electrical insulating materials. However, the 
main lechnical limitations offibreglass matting as insulation are: 
• Poor structUTai strength or compression resistance. 
• A tendency 10 settle after inslal1a1i(m if not properly installed. 
• lis pcmleability to moisture. 
Rigid board panels can be mooe with compressed libreglass. These lightweight 
insulation boards have relatively high R-values for Iheir thiekness2f . 
2.3.3.2 Extruded Polystyrene 
Extruded foam~ are made by mixing the polystyrene with a solvent, adUing a gas 
under pressure and finally extruding the mixture to !he required thickness. The 












extrusion process Improves the characteristics of the final foam, such as its 
mechanical resistance, producing non-intercOIlllecting pores and a more homogeneous 
material. Mechanical resistance here refers to resistance to tensile, compression, 
creep and Ilexural loadings. The mechanical resistance of extruded polystyrene foams 
can vary as the density of (he foam varies fi-om 0.4 kg,m') 10 1.1 kg.m-J , There are 
several grades of foams available with densities ranging fi-om 10 kg,m'] to 33 kg,m'] , 
with thermal conductivities that are lower with an increase in densityl', 
2.3.3.3 Expanded Polystyrene 
Tablt" 2.3: Thennal conductivities and densities of expanded and extruded 





ExpanIWd Foam TyIW I .. ij,0!\7 
Exp .. ded FOllm Type 11 " U.1I44 
Expanded Foam Type]ll " 0.037 
Ih.pandtd Foam Typt tV " 0.034 
Expanded Foam TyfW V " 0.033 
Rigid Extruded Foam " U.U33 
Expanded polystyrene foams have a number or lechnicallimitations: 
• rileY are flammable, although fire-retardant grades are available 
• Th.:y break d01M! b'l"aduaUy when exposed 10 direct sunlight 
• They react with solvents used in the installation of fibreglass-reinforced plastic 
(such as styrene-formulated polyesters) as well a~ with other organic solvents such 
as petrol. kerosene and acetone. 
Table 2.3 gives an indication of the effects of density on polystyrene insulation2~. 
Rigid board panels can be made with expanded polystyrene of different densities, 












various thicknesses and sizes. Density plays a majur role in the thermal cunductivity 
values of polystyrene insulation. 
2.3.3.4 Polyurethane Foam 
Table 2.4; Thermal cundudivilie~ and densities of polyurethane at 293-298 K 24. 
Density Thermal Conductivity 
Type 
kg/m' W /mK 
Foam 30 0.026 
Rigid Expanded 






"" 0.04 Board 
Foamed in Place 24-40 0.023-0.026 (Average of 0.0245) 
Polyurethane foam is effective !IS an insulatoT because it has a high proportion (90 % 
minimum) of non-connected clused micro cells. filled with inert gas. Until recently. 
the non-reactive gas most commonly used in polyurethane foams was R-ll 
(trichlurulluuromethane). The Montreal Protocol on Suhstances [hal Deplete the 
Ozone Layer organisation has called for the phasing out or the use of CFC's such as 
R-il. Replacement foaming agents arc being investigated at the present time, with 
hydrocarbons, hydro fluorocarbons and inerl gases such as carbon dioxide. Table 2.4 
gives density and thennal conductivity values of foamed polyurethane'4. 
Polyurethane and closed cell foam polyisoeyanurate both have poor fire and direct 
sunlight resistance and they have a maximum service temperature of around 95°C. 
They arc both used on areas like roofs and walls, but they too have to be covered in 












th", inside for lire and against uutside w""ather. Th",y both have thermal conductivity 
value~urO.023 W,m-1K". 
2.3.4 OTHER COMMON FORMS OF THERMAL 
INSULATING MATERIALS 
2.3.4.1 Cork 
Table 2.5: Value~ of the thermal conductivity and 
density for cork thennal insulation at 293 298 KU . 
Densif)' 
Tbermnl 
",0 Cond .. ctiviry.' 
k gl m' W l mK 
(; cu. Ill!"" Loo,<" Iwy II!" n.O!"l 
(;non .. l~t.d " ,.-
£xp..,d<d Cork Sla b '" ,.~ 
~:~"",_d ("0<1< It<)ard ,~ 0.043 
E~p .. ~l Bouded with 
100-150 0.043 R .. i.IBit .. n~" 
E.~"".d ... l Bunded with 
I SO-250 0.048 RH i. IBit .... e n 
Cork is probably one of the oldest insulation mat",Tiws used commercially. and in the 
past it was the most wiocly used insulation material in the rcfrig",ralion industry. AI 
present, due to the scarcity or cork-producing tree~, its price is relatively high in 
comparison with other insulating materials. Therefore, its use is very limitcd, with the 
exception of some machinc foundations where it is used 10 rcducc thc tran~mission 01" 
vibrations. It is available as expanded slabs or boards as well as in granular fonn. Its 
ckn~ity varies from 110 kg.ill·) to 130 kg.ill·.l. It can only be used up to Io;:mperalures 
of 65°C. 11 has good thennal insulating properties, is fuiriy resistant to compression 
and is difficult to bum. Its main technical limitation is the tendency to absorb 
moisture with an average permeabi lity to watcr vapour of 12.5 g.m·2day·l Tabk 2.5 
gives some typical characteristics of corkM. 











.. ,. 21 
2.3.4.2 Aluminium Thin Sheet 
Aluminium thin sheet is made of reflective foil separated by air spaces. It mainly 
works by reducing radiant heat transfer. It has a high maximum service temperature 
with good resistance to both fire and direct sunlight. It is used in ceilings, walls and 
floors. It is most effective in reducing downward heat flow. Reflective systems are 
the other form of insulation and are divided into two forms, aluminised thin sheet and 
ceramic coating13• 
2.3.4.3 Ceramic Coating 
Ceramic coatings are mainly acrylic paint filled with ceramic micro-spheres. It is 
used for radiant control because it has excellent resistance to fire and direct sunlight. 
It requires protective clothing and eye protection when applied to metal roofing, built-
up roofing, walls, storage systems, ducts and pipes. 
2.3.5 SELECTION OF INSULATING MATERIAL 
Some the most important properties which must be considered in the selection of an 
insulating material are as follows: 
• Thermal resistance: the higher the value of thermal resistance, the better the 
insulating capability of th  material. 
• Combustibility: this becomes significant as it provides an indication of the 
insulating material's contribution to fire hazard. 
• Toxicity: certain insulating materials are combustible and release toxic fumes when 
they bum. This must be avoided where there is a danger of fire in a confined 
space. 
• Appearance: Appearance is significant in exposed areas and for the purpose of 
identification. 
• Density: the density of an insulating material affects many of its other properties, 
especially its thermal properties. 












2.4 FORMS OF INSULATION 
Insulation is mainly defined as the control of heat flow and the distinguished fonns of 
insulation are: 
• Reflective insulation. 
• Resistive insulation. 
• Composite insulation. 
• Capacitive insulation. 
2.4.1 REFLECTIVE INSULATION 
The primary function of reflective insulation is to reduce radiant heat transfer across 
open spaces, which is a significant contributor to heat gain in summer and heat loss in 
winter. The only practical reflective insulating material is aluminium foil. Reflective 
insulation is employed mainly where the dominant heat transfer is radiation. The low 
emissive metal foil (usually aluminium) surface of the product blocks up to 97 % of 
radiation and therefore a significant part of the heat transf~s. 
Aluminium foil has a low absorbance and low emissionUi• Reflective insulation 
systems are fabricated from aluminium foils with a variety of support such as Kraft 
paper. plastic films, polyethylene bubbles, or cardboard. Supports are applied to 
provide a series of closed air spaces. Its insulating value is derived from heat 
reflective surfaces separated by air spaces into which the radiation is reflected. The 
resistance to heat flow depends on the heat flow direction, and this type of insulation 
is most effective in reducing downward heat flow. 
Reflective systems are typically located between roof beams, floor joints or wall 
studs. If a single reflective surface is used alone and faces an open space, such as an 
attic, it is called a radiant barrier. Radiant barriers are sometimes used in buildings to 
reduce summer heat gain and winter heat loss. When compared to mass insulation 
materials like fibreglass, reflective foils offer some advantages. They are not affected 
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by humidity or moisture, they do not lose their effectiveness when compressed, and 
they do not irritate the skin, nose, or eyes and require no special handling or clothing 
to install. 
Reflective systems are more effective in hot climates than in cool climates. They can 
be used on their own, but they are frequently laminated with building paper, either 
single sided or double sided and even on plasterboards. They must be installed in 
cavities or air spaces for them to be effective. They differ from other insulating 
materials in the manner in which they retard heat transfer. Reflective insulation 
works by reflecting incident infrared radiation, thus reducing radiant heat transf~7. 
2 .. 4 .. 2 RESISTIVE INSULATION 
Resistive insulation is the most common type of insulation, often referred to as bulk 
insulation. Resistive insulation insulates against the transfer of heat simply through 
its resistance to conduction. Because air has one of the highest resistances to 
conduction, the best resistive insulators are those that trap small pockets of air within 
themselves. Insulators such as glass fibre, mineral wool and expanded polystyrene 
work extremely wen as long as the air within these pockets cannot move and thus 
transfer heat by convection. Resistive insulation includes mineral wools, strawboard, 
wool slabs, glass fibre, cellulose fibre and kapok. They also include expanded and 
extruded polystyrene and polyurethane, urea formaldehyde, vermiculite and perlite28. 
2 .. 4 .. 3 COMPOSITE INSULATION 
Composite products are a range of composite insulation products that combine a 
reflective foil with bulk insulation, combining the benefits of both types of insulation. 
2 .. 4.4 CAPACITIVE INSULATION 
Capacitive insulation has virtually no effect to steady-state heat flow when 
temperatures are relatively constant on each side of a material. If the temperature on 
either side fluctuates however, capacitive insulation effects become important. Daily 
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variations between the outside and inside temperatures of the building takes time to 
reach a steady because heat transfer is not instantaneous as heat takes time in passing 
through the building elements. For some materials like glass this is not that 
noticeable, however, for double brick or rammed earth walls this can take up to eight 
or nine hours. This delay is termed thermal lag and is measured as the time difference 
between peak outside temperature and the peak temperature on the inside surface of 
an elemenf'l. 
2.5 ROLE OF THERMAL INSULATION 
A building of any kind is essentially a space surrounded by the building envelope. A 
building envelope may include sub elements such as windows and doors, but its main 
elements are the floor, walls and roof. Heat win flow through the building envelope 
from a high temperature side to a lower temperature side if the interior space is 
maintained at a temperature different from the outdoors by heating or cooling. 
Heating is provided by some energy installation during winter. If the indoor 
temperature is to be maintained, a steady state must be reached where heat input is 
equal to the heat loss. The heat flow rate from the heat input must balance the heat 
loss through the building envelope. If the sum of the heat lost through all the leaks is 
greater than the flow from the input, the indoor temperature will drop. Conversely, 
when the inside temperature is at the same temperature as the outside and heating up, 
the building win require the heat flow rate from the heat input to be greater than the 
heat loss. If energy is to be conserved or the heating cost is to be kept down then heat 
loss through the envelope should be reduced. This is maintained through thermal 
insulation19• 
Inadequate insulation and air leakage are the leading causes of energy waste in most 
buildings. Thermal insulation saves money and the nation's limited energy resources. 
It can make a house or building more comfortable by helping to maintain uniform 
temperatures throughout the house. Hence walls, ceilings and floors will be warmer 
in winter and cooler in summer. The thermal and energy performance of buildings 
depends on the thermal characteristics of the building envelope and particularly on the 
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thennal resistance of the insulation materials used29. With the general acceptance of 
global wanning as a continuing problem, energy efficiency is becoming a higher 
priority in industry and residential houses. One aspect of energy efficiency is to 
improve the insulation of buildings by using materials of a low thermal conductivity. 
In temperate and polar climates this will result in reducing heating requirements, 
whilst in equatorial areas air conditioning energy consumption is decreased. 
Additionally. in order to reduce C~ and other emissions, legislation and standards 
concerning insulation levels in buildings and other applications involving heat transfer 
are becoming more stringent world wide30• 
The electricity savings potential as well as the economic and environmental impact of 
ceiling insulation on South Africa have been well established. A previous study has 
shown that if an existing high income houses in South Africa are insulated, (where the 
term "insulated" here is taken to mean an insulated ceiling as wen as additional 
insulation wrapped around the outside of the geyser), almost 3000 GWh of electricity 
can be saved in winter heating per year. This is equivalent to an annual monetary 
saving of RA740 million. The corresponding reduction in greenhouse gas pollution 
from power stations is roughly one million tons per yeali . Furthennore, ceiling 
insulation has the potential to reduce evening peak electricity demand in the winter by 
more than 1900 MWJ2. This will result in an even greater saving for the country as it 
win allow the building of a new power station to be postponed. The study conducted 
in 1996 has indicated that South Africa win save around $2 billion through thermal 
insulationD . 
2.5.1 ENERGY SAVING METHODS 
In South Africa there are a large number of energy inefficient buildings. This is 
mainly because of a high percentage of low income communities living in informal 
low cost houses (shacks). Extensive research has already been conducted to 
determine the characteristics of a typical infonnallow cost house34• According to this 
research, the typical informal low cost house is built with two windows, one on the 
south side and one on the west. Winter heating requirements are lowest when the 
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windows are placed on the northern facing equator and eastern walls34• The 
requirements of different orientations are negligible. The exterior colour of a building 
can playa very important role in determining the building's thennal performance. 
Shacks with a dark exterior colour require less indoor heating to achieve acceptable 
indoor temperatures during winter. This is because the darker surface absorbs a lot 
more heat from the sun than the light surface does. It was found that in the absence of 
any wall insulation, applying a dark colour to the exterior of the shack could lower the 
winter heating requirements by 24 %3. An increase of this magnitude hardly 
compensates for the winter energy saving. Summer indoor conditions however are 
affected by a dark exterior .. Interestingly, it was found that shacks inhabitants prefer 
light exterior colours, silver particularl?,. Exterior colour control is thus not really a 
feasible energy control option for shacks. 
A recent study showed that the natural infiltration into a leaky building is of the order 
of 0.9 air changes per hour. This infiltration rate can be increased dramatically as 
most shack inhabitants use coal stoves35• Although significant energy savings can be 
achieved by limiting infiltration, the idea is not really practical. Coal stoves generate 
indoor pollution and adequate volwnes f outdoor air are thus required for health 
reasons. Limiting ventilation is not recommended as an option for increasing energy 
efficiency in informallow-cost houses3!!. In contrast to all the options discussed thus 
far, the addition of thennal insulation is an extremely effective option for increasing 
energy efficiency for shacks. Placing a thermal insulation on the walls and roofs of a 
house increases the resistance to heat flow to and from the building. As a result, 
outdoor heat may be kept away from the shack in summer and the warmth is kept 
inside the shack in winter. It was found that adding 25 mm of glass wool, which bas a 
thermal resistance of 1.05 m2K. WI, that the winter energy requirements were reduced 
by 78 %. The option of installing thermal insulation is thus clearly much more 
effective than others3• The important role of insulation is shown in figure 2.1 
compared to other optionsJ6• 
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Figure 2.1: Comparisons of the dIed on energy saving options 
through different methodsJ , 
Table 2.6: Comparison of the effect of different methods of enerb'Y 
saving.~ in different types ofhouses~. 
Shacks Matchbox Suburban 
Options 
[%1 [0,4[ I ~' I 
Exterior Colou ... " " '" 
BuiJdina: , " " Orientation 
Ventilation Control " " '" 
Window Size " 
, 
" 
In",lIlatiou .. " " 
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Van Wyk el ai. investigated building materials, building orientation, ex terior colour, 
ventilation control and insulation in formal low-cost housing (matchbox houses) and 
informallow-cost housing (shacks). 11 was found that thermal insulation provided the 
most effedive energy saving of up to 75 %3, There are many forms of energy 
conservalion and methods of conserving enerb'Y by means of thermal insulation are 
the most dTective ones. Taylor and Kleingeld improved the work of Van Wyk by 












including suburban houses. Their findings are summarised in table 2.6. In general the 
role played by thennal insulation in buildings can lead to a number of benefits, which 
are summarized as follows13,37: 
• Using thermal insulation in buildings helps to reduce the reliance on mechanical or 
electrical systems to operate buildings comfortably. Resources, like coal 
associated with energy, are conserved. 
• The use of thennal insulation not only saves energy operating costs, but also results 
in environmental benefits and as a result dependence upon mechanical means with 
the associated emitted pollutants is reduced. 
• An energy cost is an operating cost, and a significant energy saving can be 
achieved by using thermal insulation with little capital expenditure of only about 5 
% of the building construction cost. 
.. This does not deal only with the reduction of operating cost, but also reduces high 
voltage alternating current (HV AC) equipment cost due to a reduction of the 
equipment size required. 
The use of thermal insulation in buildings not only reduces the reliance upon 
mechanical air conditioning systems, but also extends the periods of indoor thermal 
comfort of installed buildings. This enhances the acoustic comfort of insulated 
buildings. High temperature changes may cause undesirable thermal movements, 
which may result in damage of the building and structure. Hence insulation can 
increase the building structural integrity of buildings by minimising temperature 
fluctuations. Thi s can be achieved by the use of proper thennal insulation and so 
helps in increasing the lifetime of building structures13. 
Proper design and installation of thermal insulation helps in preventing vapour 
condensation on building surfaces. However, care must be taken to avoid adverse 
effects of damaging a building structure, which can result from improper insulation 
material installation or poor design. Vapour barriers are usually used to prevent 
moisture penetration into thermal insulation. If a suitable insulation material is 












selected and properly installed. it c,m assist in ret;mling he;!t and preventing Hame 
spread into the building in the case or fire l >, 




Table 2.7: Some common thermal in~ulations material's R-valoos, advantages and 
disadvalltagesu . 
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Over the years, there have been m,my health concerns tlrut have ansen due to 
insulation materials 8uch as asbestos and urea fonnaldehyde foam insulation. 
Nevertheless different types of insulations that have be<'Il and are being u~d. have 
their advantage8 and di~advan(age~. Some of the more common materials used for 












insulation are compared in table 2.7 with their relative insulating values and the 
advantages and disadvantages of each particular type. In general, the more expensive 
materials, such as the polyurethane foams are more efficient insulators for given 
thicknesses. Using the "R" system of grading, it is possible to arrive at equivalent R-
values for a variety of insulating material typeS24. 
2.6.1 ASBESTOS 
Asbestos is a mineral fibre that has been used commonly in a variety of building 
construction materials for insulation and as a fire retardant. It was commonly used 
before 1970 in building products because it was fireproof, a good thermal insulator, 
and easily made into pipe covering fabric and other materials. Asbestos was 
commonly found in pipe and furnace insulation materials, especially in homes built 
between 1930 and 1950. Oil and coal furnaces and door gaskets may also have 
asbestos insUlation. Hot water and steam pipes in older houses may be coated with an 
asbestos material or covered with an asbestos blanket or tape. Asbestos was an 
excellent thermal and electrical insulator for more than 50 years, but the manufacture 
and use of asbestos is now prohibited in many countries in the world. It is known to 
cause several cancers such as a type of lung cancer called mesothelioma and cancers 
of the gastrointestinal tracts. 
2.6.2 UREA FORMALDEHYDE FOAM 
INSULATION (UFFI) 
In the 1970's there were concerns about health effects of insulation materials, when 
improperly installed UFFI caused high levels of formaldehyde emissions in tens of 
thousands of homes. No insulation materials in use today exhibit indoor air quality 
problems approaching those of UFFI, but the rapidly growing interest in healthy 
homes is spurring a close examination of health impacts. Urea formaldehyde is one of 
the main resin mixtures of formaldehyde and of all the formaldehyde compounds. It 
contributes the most to indoor air problems because of its water solubilitY'. 













Fibreglass is a soft wool-like material that is usually pink or yellow. It is used as 
insulation, in weatherproofing and as textile material. It was originally used as a 
"safe" substitute for asbestos. The modem technique of making fibreglass insulation, 
developed in 1931, involves jetting of molten glass through tiny heated holes into 
high speed air streams, wherein the resulting fibres are drawn very thin and to great 
lengths40. Fibreglass was used as a liner inside air supply ducts and air handler 
compartments of the ventilation system of homes and buildings built from the early 
1960' s through to the late 1980' s. It was used in ventilation systems as an insulator to 
prevent the loss of ventilation pipes cold air and to reduce the noise from the blower 
fan. Fibreglass liners inside ducts were a problem because if it got wet it could 
become a breeding ground for micro organisms. 
There are a few more problems with fibreglass. One is there are some health 
problems associated with it. For example, it can cause a skin allergy and there is 
debate on whether or not fibreglass may cause cancer. It may also trigger reactions in 
people who are chemically sensitive since most fibreglass insulation is produced using 
a phenol formaldehyde binder to hold the fibres together. These binder materials may 
release offending amine or "dead-fish" odours in high humidity situations. Another 
factor that should be considered when choosing insulation is the ingredients that go 
into it. The largest fibreglass insulation manufacturers all use at least 20 percent 
recycled glass in their insulation products to comply with the u.s. Environmental 
Protection Agency (EPA) recycled content guidelines, which is adopted world wide. 
One of the raw materials that are used to make fibre glass more flexible and fire 
retardant is boron. However, there are only two large deposits of boron in the world: 
one in the southwest u.s. and one in Turkey. Since the total known U.S. reserves of 












2.6.4 MINERAL WOOL 
Mineral wool was at one time the most common type of insulating material and its 
market share was largely lost to fibreglass in the 1960's and 1970·s. In the past few 
years, however, the product appears to have made a comeback. There are currently 
several manufacturers of mineral wool in the U.S. and about eight plants that produce 
it. Mineral wool actually refers to two different materials, slag wool and rock wool. 
Slag wool is produced primarily from iron ore blast furnace slag, an industrial waste 
product. Rock wool is produced from natural rocks. Slag wool accounts for roughly 
80 % of the mineral wool industry, compared with 20 % for rock wool. Given the 
relative use of these two materials, mineral wool has, on average, 75 % post-industrial 
recycled content,n. 
2.6.5 CELLULOSE 
Cellulose is perhaps the best example of recycled material that is used in insulation. 
Most cellulose insulation is approximately 80 % post-consumer recycled newspaper 
by weight; the rest is comprised of fire retardant chemicals and, in some products, 
acrylic binders. The biggest long term performance concern with cellulose insulation 
is possible loss of fire retardant chemicals because borates are water soluble and they 
can leach out if the insulation gets wet'n. 
2.6.6 COTTON 
Cotton is a type of insulation that uses cotton and polyester mill scraps with plastic 
fibre added for three dimensional lofts and borates added are for pest and combustion 
resistance. This insulation costs about 15 % to 20 % more than comparable fibreglass 
insulation. Of course, precautions need to be taken to prevent insect infestation as 
well as moisture intrusion41• 












2.6.7 FOAM INSULATING MATERIALS 
There are different types of foam insulation materials. These include 
polyisocyanurate, polyurethane and polystyrene. Styrene, like that used in 
polystyrene insulation, can cause irritation of the eyes, nose and respiratory system. It 
can also cause headache, fatigue, dizziness, confusion, malaise (vague feeling of 
discomfort), drowsiness, weakness, unsteady gait and possible liver injury. Many 
foam insulations use recycled plastic resin such as that found in some extruded and 
expanded polystyrenes (EPS). 
Of the foam insulations, polystyrene is easier to recycle than polyisocyanurate or 
polyurethane since it can easily be melted down and reformed into other products. 
The simplest recycling involves crumbling the old EPS into small pieces and re-
moulding them into usable shapes. Polystyrene used to be blown with 
chlorofluorocarbons, or CFC's, that destroy the earth's protective ozone layer. 
Modem extruded polystyrene (XPS) uses hydrochloride-fluorocarbons (HCFC's) that 
are not as harmful. EPS is the only common rigid foam board stock insulation made 
with neither CFC's nor HCFC's. During manufacture, polystyrene beads are 
expanded with pentane, which is a flammable gas. An advantage of board stock 
insulation is that ifit can be removed without breaking up, it can often be reused. 
Two new types offoam insulations that do not use CFC's or HCFC's are Icynene and 
Air Krete™. Icynene is a foaming agent that uses a mixture of carbon dioxide and 
water. Though it does not have polyurethane's HCFC-related environmental 
problems, it also has a lower insulation rating (R-value). Like polyurethane, Icynene 
is foamed into wall cavities, but the resultant open-cell foam is soft. not rigid. Air 
Krete™ is inorganic foam produced from magnesium oxide (derived from sea water). 
It is foamed under pressure with a microscopic cell generator and compressed air and 
no CFC's or HCFC's are used41• 












In some parts of the country, foam insulation materials are prone to infestation of 
wood boring insects, such as carpenter ants. Tunnels and nesting cavities win reduce 
thermal perfonnance and may affect the structure as well. Foam insulation materials 
that contain HCFC's must be avoided. Though HCFC's are less destructive to 
stratospheric ozone than CFC's, they are still damaging to the environment"l. 
2.6.8 LOOSE FILL 
Other considerations regarding insulation are that some loose fill fibre insulation win 
settle and get displaced because of wind and rodent pestilence. It is also possible that, 
over many years, dust and dirt accumulation could reduce the R-value by either 
compressing the insulation or by filling air pockets'''. Insulating materials should be 
durable so that they do not have to be replaced every few years, thus contributing to 
the solid waste problem. Provision must be made so that a home or a building is well 
insulated to save energy. Reducing the energy use of a building is usually the single 
most important factor that can be done to reduce the building's overall environmental 
impact If an insulating material that has a lower R-value (insulation rating) is being 
used then the thickness of the insulation can be increased. The insulation materials 
that have large amounts of recycled materials are a better choice. For example, with 
cavity-fill insulation, cellulose and mineral wool have a higher recycled content than 
fibreglass. Also, as far as possible, an insulation contractor who recycles scrap 
insulation must be chosen"1, 
2.7 ENVIRONMENTAL COMPARISONS 
OF INSULATION MATERIALS 
Decisions about insulation are among the most important that must be made relative 
to the environmental impact of buildings. Because insulation reduces the energy 
consumption, it provides ongoing environmental benefits throughout a building's life. 
However, not all insulation materials are equally environmentally friendly. In 
assessing the environmental characteristics of insulation materials, there is a need to 
consider a broad range of issues relating to the resources going into their production. 
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These include manufacturing processes, pollutants given off during their lifecycle, 
durability, recyclables and impact on indoor air quality. 
2.7.1 RAW MATERIAL ACQUISITION 
The raw materials used to produce insulation vary widely, ranging from the sand used 
in fibreglass to the petrochemicals in foam plastic insulation and old newspaper in 
cellulose insulation. Environmental concerns with raw material acquisition include, 
on the negative side, depletion of limited resources and pollution resulting from 
mining. On the positive side is the recycled content of many common insulation 
materials42. 
2.7.2 LIMITED RESOURCES 
The most obvious resource limitation among materials used to produce insulation is 
the availability of fossil fuels used in foam plastic insulation. 
2.7.2.1 Polystyrene 
Polystyrene is produced from ethylene, a natural gas component and benzene, which 
is derived from petroleum. Polyisocyanurate and polyurethane are made from 
polymeric methylene diisocyanate (PMDI) and polyol, both of which are derived from 
petroleum. While fossil fuels are not going to run out any time soon, the reserves are 
finite, and as they decrease in the next century, costs are likely to rise42. While other 
insulation materials are not made from petrochemical feed stocks, most require fossil 
fuel energy for mining, manufacture. and transport, so they lead indirectly to fossil 
fuel depletion. Another raw material that is potentially in short supply is the boron 
used in fibreglass insulation and as a fire retardant in some cellulose insulation42. 
2.7.2.2 Fihreglass 
Fibreglass insulation is the biggest consumer of boron, most of which comes from two 
primary deposits: the largest in the south-western u.s. and Turkey. Boron improves 
the flexibility of fibreglass. Fibreglass insulation is approximately 6 %-8 % boron 












oxide (B203) by weight. At present levels of extraction and with current economics, 
U.S. Bureau of Mines data shows a 54 year reserve of boron in the U.S., and total 
known U.S. reserves of about 200 years41• 
2.7.3 POLLUTION FROM RESOURCE 
EXTRACTION 
Environmental impacts from raw material acquisition include air pollution. water 
pollution and erosion from mining of minerals. For example, sand and limestone used 
in fibreglass, diabase rock used in rock wool, and bauxite for the aluminium used in 
foil facings and radiant barriers. Often these environmental impacts are combined. 
For example, mining usually produces tailings waste, which results in runoff with 
high levels of suspended solids. This increases turbidity in surface waters, which can 
cause deoxygenating of these waters, which in turn can kin fish. Pollution from oil 
spills and wen-head leaks occurs when extracting and transporting the fossil fuels 
used to make plastic foam. The same fuels provide the energy for mining and other 
resource extraction 41. 
2.7.4 RECYCLE CONTENT 
Recycled content is the most recognized environmental feature of building products. 
Materials with recycled content have three advantages: 
• They require less natural resource. 
• They divert materials from the solid waste stream. 
• They use less energy during manufacturing. 
The insulation industry is abundant with good examples of recycled material use. 
Considerable use of recycled materials in producing insulation has been investigated 
in other countries. As an example. the U.S. Environmental Protection Agency's 
recycled-content procurement guidelines specify minimum recycled contents for 
construction projects receiving over $10 000 in federal funding. Table 2.8 shows the 












Table 2.8; The recycled-content acquired by EPA guidelines·t . 
~h ... i.IT~p< 'linimnm R«,<I.d C ont<nt ('4 b, \"'~ht) 
'"'''''''''' (I ",.. _r~1 .nd 'P'"!-<><) 7~·,. poo,.,o.,","," "'""rt~ P'P<' 
Fihn,jlI.", 2IY._25Y. ,.11<1 (poo,·jod",,'ri" ur post-,no,"m",I ... ) 
'11 .. ",1""'" 7~·,. ....,,,,,,,,d mol,ri.l, 
1'01);""'1'_ ..... Riol<i ru ... ~"Io ....... "d ...... ri., (pUI,oI .... '0 '0.""") 
Pul) M""""" Spto, ro ... 5 ';;' lffQvo"d .... "ri.l,polloi .... ;no.n" ... ' 
2.7.4.1 Cellulose 
Cellulose is perhaps the best example of recycled material use in insulation. Most 
cellulose insulatiun is approximately 80 % po~t-con~umcr recycled newspaper by 
weighL The rest is comprised offirc retardant chemicals and in some products acrylic 
binders. The cellulose industry used approximately 381 million ko: of recycled 
newspaper!ll 1994. according to the Celluluse Insulation Manufacturers Association 
(ClMA)'l2. 
New cellulose insulation technologies are helping recycled newspaper to go further. 
There i~ increasing use of lower density cellulose produced by breaking tJe\vspaper 
dov,ll into individual libres that are tlunler. The industry is switching to this process 
from the oldcr hammer mill process becmlse it results in a better product that is 
cleaner, has less dusl, and slightly higher R-value. More manuracturers are ollenng 
stabilized cellulose to prevent settling oflouse fill attic insulation. 
2.7.4.2 Mineral Wool 












While mineral wool was at one time the most common type of insulation, its market 
share was largely lost to fibreglass in the 1960's and 1970's. Over the past few years, 
however, the product appears to have made a comeback. There are currently several 
manufacturers of mineral wool in the U.S. and about eight plants that produce it. Slag 
wool is produced primarily from iron ore blast furnace slag, an industrial waste 
product. Rock wool is produced from natural rocks, such as basalt and diabase. Slag 
wool accounts for roughly 80 % of the mineral wool industry, compared with 20 % 
for rock wool. Given the relative use of these two materials, mineral wool has, on 
average, 75 % post-industrial recycled content. According to the North American 
Insulation Manufacturers Association, 425 million kg of blast furnace slag were used 
in 1992 to produce slag wool4l. 
2.7.4.3 Fihreglass Insulation 
Fibreglass insulation manufacturers Owens Corning, Schuller International and 
Certain Teed in the U.S. use at least 20 % recycled glass cullet in their insulation 
products to comply with the EPA recycled-content procurement guidelines. 
Schuller's fibreglass is certified by the Scientific Certification Systems (SCS) to 
contain 25 % recycled glass (18 % post-consumer bottles and 7 % post-industrial 
cullet), and it has most actively promoted that environmental benefit. Schuller's 
manufacturing equipment readily handles colour glass, making it easier for the 
company to use post-consumer recycled cullet. Certain Teed and Owens Corning rely 
primarily on post-industrial cullet from flat glass manufacturers41. Recycled glass 
content in excess of 90 % is feasible. Each percent of glass cullet (over 10 %) 
substituted for raw sand reduces energy use by about 1 %. The company has one 
plant using 40 % recycled glass, but they claim a 20 % average among all their plants. 
Owens Corning. the largest producer of fibreglass insulation, is now averaging 30 % 
recycled glass and one of their foreign plants is using in excess of90 %41. 
2.7.4.4 Extruded and Expanded Polystyrene 
Recycled plastic resin is used in some extruded and expanded polystyrene. Expanded 
polystyrene (BPS) can also be made out of recycled polystyrene. The simplest 
.................................................................................... 












recycling involves crumbling the old EPS into small pieces and re-moulding them into 
usable shapes. Any polystyrene can be recycled into building insulation, but because 
of fire retardants, old building insulation cannot usually be recycled into non-building 
applications"2• 
2.7.4.5 Polyisocyanurate Foam 
The polyisocyanurate foam insulation industry also uses recycled material in its 
products. In addition to the raw chemicals having recycled content, the foil facings 
used on polyisocyanurate are typically 70-80 % recycled aluminium. Like foil facings 
on polyisocyanurate insulation, the aluminium used in radiant barriers is also mostly 
recycled. The 6mm polyethylene foam insulation in the product is 10 % recycled 
high-density polyethylene .. 2• 
2.7.4.6 Cotton Insulation 
Cotton insulation is the new thermal insulating material in the fibre insulation 
industry. Promoted initially as a non-irritating alternative to fibreglass, early market 
research revealed an interest in the use of recycled fibre. The present product is 
approximately 95 % post-industrial recycled fibre, 25 % of which is polyester fibre. 
The polyester improves tear strength and recoil characteristics":!. 
2.7.5 CHEMICAL PRECURSORS OF SOME 
INSULATING MATERIALS 
With some insulation materials, there are industrial processes that result in non-
energy-related pollution. To manufacture isocyanate, a precursor of polyisocyanurate 
and polyurethane insulation, two chlorine-based chemical intermediates are used: 
phosgene and propylene chlorohydrins. The styrene used in polystyrene insulation is 
identified as a possible carcinogen, mutagen, chronic toxin, and environmental toxin. 
Further, it is produced from benzene, another chemical with both environmental and 
health concerns. 











Most tlbreglass insulation is pmduced using a phenol formaldehyde (PF) binder to 
hold the fibres together. Though exact quantities of binder used in manufacture of 
fibreglnss are not disclosed by indu;1ry, it comprises 5-7 % of typical residential 
fibregluss insulution products, and (hey may account for J 0-15 % of (he total material 
cost. During manufacturing, most of the binder apparently dissipates and is captured 
Vvith pollution contml equipment. A new type of fibreglass that does not require a 
bindcr is being introduced, Becausc there are no binders or other chemicals (such as 
colorants) in this product, pollution control equipment is not required, and pollution 
emissions during manufacturiug will be mllch less of a coucem42. 
2.7.6 CHLORO-FLUOROCARBONS AND 
HYDROCHLORIDE-FLUOROCARBONS 
The most significant pollutants found iu inslliation materials are chloriue based 
chemicals that destroy the earth's protective ozone layer. Chiorolluorocarooos, which 
are also greenhou~e gases, werc used until recently as bloVving agents in extruded 
polystyrene, polyurethane, polyisocyanurate and phcnolic filam as indicatcd in table 
2.9.1. As revelations about (he role CFC's play in ozone depletion came (0 light and 
regulations to restrict their use were enacted, however. these industries have turned to 
other, less damaging, filaming agents, 
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Among building insulation materials, extruded polystyrene (XPS) le<lthe shift to less 
damaging hydrochloride-flUOr(><:3fhons (HCFC's). XPS manufacrun,rs wIlre able to 
switch quickly h&:ause HCFC-142h had already passed toxicity testing and 
companies were able to produce it witbout additional testing. Other c:rc users were 
not so fortunate. Polyisocyanurate, polyurethane, and phenol foam were all foamed 
with CrC-II, and the best rcplac:ement fouml. HCFC-14Ih, had not been tested lor 
toxicity, so was not on the market. Thus. those industries could not shi\'t away from 
CFC"s as quickly. In mid 1993, PIMA announced that the POLYISO-industry had 
completed the shift from erC-II to HCfC-14Ih. HCre's are only 5 % to II % as 
damaging to ozone as crc's because they do not last as long in the atmosphere. 
However, they are almost as damaging for the period of time when they arc present 
and all are significant greenhouse gases believed to cause glohal wanning. Foam 
insulation manufaemrers and chemical producers are working hard to find zero-
ozone-depletion alternatives 43. 
2.7.7 CFC'S FREE FOAM INSULATION 
Among loam insulation materials. there are several alternatives to those made with 
omne exhausting ~hemkals. 
2.7.7.1 Expanded Polystyrene (EPS) 
Expanded polystyrene (EPS) is the only common rigid loam board stock insulation 
made with neither CFe's nor HCFe's. During manufacture. polystyrene beads arc 
expanded with pentane, a hydrocarbon that contributes to smog hut is not implicated 
in ozone depletion or glohal wanning; the pentane quickly leaks out of the insulation 
and is replaced by air. Several bPS manufacmrers have redesigned their plants to 
recover up to 95 % of the pentane used in prodoction and some manufacturers have 
shifted to a low pcntane formulation42. 
2.7.7.2 Polyurethane 
The polyurethane industry as a whole has gone the route of replacing CFC-ll with 
HCFC·s. Some producers and insulation contractors have stopped the usc of CFC·l1 












and gone to a non-ozooc-deplcting hydro-fluorocarbon (HFC). Othom; use HFC-134a 
11'> the foaming agom! in polyurethane foam"" . The hight'r cost of this fooming agent 
results in an iu\..-rease of about 10 % over conventional polyurethane. While HFC's 
are ozone-safe and they arc significant greenhouse gase:;. 
2.7.7.3 lcynene 
Ieynene i~ another type of foamed insulation. The foaming agent i~ a mixture of 
carbon dioxide anu water, This el iminates polyurethane's IfCFC -related 
environmental problcm~ but also meam; a lower R-value. Like polyurethane, leynene 
is foamed into wall cavities, but the resultant open-cell foam i~ ~on not rigid. In fact. 
it is markctcd as much for its air scal ing characteristics as its insulation properlio:s. A 
rectml devdopmenl with Icynome is a second form ulation that can he foamed iuto 
dosed cavitics. 
2.7.8 EMBODIED ENERGY 
Table 2.10: Embodied energy values for common insulation materi als4l. 
Embodied Weight per Emhodied Energy 
Material Energy Insulation Unit per Insulation Unit 
(:\1J/kg) (kg) (M·n 
Cellulo$t 1.75 0.37 0.6 
Fibr~bss 27.9 0.17 4.' 
Minusl Wool 15.1 O.ll 3.1 
'PS 1l.6 0.17 19.0 
Polyisocynurate 69.8 0.22 15.1 
State of the art, energy-efficient, passive solar houses built today may consume Ie&> 
heating and cooling energy ovcr}O Or even 50 years of operation than was required to 
build it. This means that if society wants to continue the impressive gains that have 












been made over the past 20 years in reducing energy usage, they win need to focus 
attention on embodied energy as well as operating energy. Embodied energy is the 
energy required to produce and transport materials. If two insulation materials 
insulate equally wen and other manufacturing factors are comparable, then the one 
with lower embodied energy is environmentally preferable. 
While the embodied energy of insulation materials is usually quite low when 
compared with the energy a given amount of insulation will save over its lifetime, it is 
nonetheless important. Embodied energy values for common insulation materials are 
compared in table 2.1042. Because these values were obtained from different sources 
and may have been obtained using different assumptions, they should not be 
considered to be highly accurate. They do however provide useful order of magnitude 
comparisons. Just how embodied energy values relate to environmental performance 
of a product is complicated by the fact that different fuels have different 
environmental impacts. For this broad comparison, it is reasonable to assume that a 
Joule of energy used by one industry is roughly comparable in terms of resource use 
and resultant pollution to a Joule used by another industry42. 
2.7.9 DURABILITY 
Durability of building materials, including insulation, is a very important 
environmental consideration. Clearly, more durable materials are environmentally 
superior to less durable ones. Most insulation materials will perform very well over 
the lifetime measured in decades or even centuries. There are exceptions, however, 
and various factors affect performance over time. 
The biggest long term performance concern with cellulose insulation is possible loss 
of fire-retardant chemicals. Bowes are water soluble; hence they can leach out if the 
insulation gets wet. There is a shift within the industry towards ammonium sulphate 
fire retardants, which actually improve in fire resistance performance over time. A 
concern with ammonium sulphate. however, is corrosion of metals in contact with the 
insulation, particularly with wet-spray applications42• Other concerns with loose fill 












fibre insulation are settling, displacement as a result of wind and infestations of 
rodents. It is also possible that, over many decades, dust and dirt accumulation could 
reduce the R-value either by compressing the insulation or by filling air pockets. 
Insulation materials that rely on reflectivity for their thermal performance are prone to 
reduced performance as accumulating dust reduces reflectivity. 
Rigid foam insulation materials that are produced using low conductivity blowing 
agents (CFC's and HCFC's) are prone to R-value decreases as the blowing agents 
leak out of the cell structure and air leaks in. In some parts. foam insulation materials 
are also prone to infestation of wood boring insects, such as carpenter ants. Tunnels 
and nesting cavities will reduce thermal performance and with foam-core panels, may 
affect the structural performance as weU42• 
2.7.10 REUSABILITY AND RECYCLABILITY 
Most insulation materials reach the end of their life not because it has worn out or has 
ceased to function properly, but because the building it was installed in is altered or 
taken down. An exception of this is commercial roofing. Many built-up roofmg 
systems incorporate both rigid insulation and an adequate amount of roof surfacing. 
When re-roofing becomes necessary. the whole roof surface including insulation is 
often removed. 
The reusability of insulation materials is dependent on how these materials were 
installed. To facilitate re-roofing without replacing the insulation, a layer of sheathing 
between the insulation and the roofing membrane is recommended. If rigid board 
stock insulation can be removed without breaking it up, it can often be re-used. The 
performance of reused polyisocyanurate insulation will not be as good as that of new 
material, because some of the low-conductivity gases win have escaped and because 
of nail holes. Extruded polystyrene. expanded polystyrene and all fibre insulation 
materials should not appreciably change in their insulating performance, though dust 
in fibre insulation materials win make working with the material at best disagreeable 
and at worst hazardous45• 











Because of dust and dirt, it is unlikely that any fibre insulation materials could be 
easily recycled into products other than insulation. Of the foam insulation materials, 
polystyrene (expanded polystyrene and extruded polystyrene) is easier to recycle than 
polyisocyanurate or polyurethane. Polystyrene is a thermoplastic and can be melted 
and reformed into other products with minimal chemical modification. 
Polyisocyanurate and polyurethane are thermosetting plastics that do not melt. Most 
of the research being done on recycling of these materials is focusing on grinding the 
insulation and using the resultant powder as an additive in various unrelated materials. 
Another issue of concern relating to disposal of insulation is the CFC blowing agents 
that are within the foamed thermal insulating materials in our existing buildings. A 
large portion of the CFC blowing agents that have been used in building insulation 
over the past 20 years have not yet been released into the atmosphere and are still in 
the insulation. If studies show that even phasing out new production of CFC's and 
HCFC's is not enough to stem the ozone depletion that is occurring, there might be 
pressure to capture and thermally destroy CFC's in foam insulation that is being 
disposed of. This is already happening to a limited extent with refrigerators that are 
being recycled by utility companies through demand side management programs45• 
2.7.11 INDOOR AIR QUALITY 
Though indoor air quality issues are different from environmental issues, they are 
related and should be considered at the same time. Health effects of insulation 
materials have been a concern since the 1970's, when improperly installed urea 
formaldehyde foam insulation (UFFI) caused high levels of formaldehyde emissions 
in a large number of homes. No insulation materials in use today exhibit indoor air 
quality problems approaching those of UFFI, but the rapidly growing interest in 
healthy homes is spurring a close examination of health impacts45• 
Some argue that the fibres released from fibreglass insulation may be carcinogenic, 
like asbestos. A spate of recent technical articles about the carcinogenicity of glass 
fibres has been damaging to the image of the fibreglass industry, as has the 
requirement for cancer warning labels. To address health concerns, fibreglass batts 











that have bt;,cn covered are available in perforated polyethykne_ \Vhile touted as a 
convenience feature for do-it-yourselves, most indu~try ob,;crvers consider it a 
reaction to growing healtb concerns about glass fibre. The usc of binder in loose-fill 
tibreglass insulation bas been increased to reduce the amount of loose fibres escaping 
into the air, but higher levels of phenol formaldebyde binder raise concern among 
some about formaldehyde oll~ga>sing. The fibre~ arc stronger and Jess brittle in 
tibreglass. The product may not have to carry the cancer warning labeL Also. this 
type of fibrcglass contains no chemical binders or dyes, so there should be no on~ 
gassing·'. 
Tablt' 2.11: Srunmary of Environmental and Health Impacts for some commonly used 
fibre thermal in~ulating marerials4~. 
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There are also claims that the fire retardant chemicals Or reparable particles in 
cellulose in~ulation may be hazardous. Much of the concern about fibreglass and 
cellulose has been generated by competing manufacturers or trade associations. and it 
has become difficult to pick out areas of real concem as it apflt'ars that some of the 











issues arc tulOeeessarily exaggerated. When properly in~\allt;Xl, n~ith",," nb",glas~ nor 
cellulose should pose any h~a1(h rish. 
Some individuals have acute chemkal sensitivity to the small qllillltilit'S or ~h",micals 
that off gas from nearly all common insulation ma(omals. Th", binm,rs used in 
conwntional batt insulation, inks from the recycled newspaper in cellulose, and 
VOC's relca~ed from ["am insulation are examples of such off gassing. This has led 
to increasing interest in such pro<luds as Air K"'(e(lM). Tabl~s 2.11 and labk 2.12 
below srunmarise the h~a1th risks (ha( are posed by different ~"mmon insulating 
materials4S. 
Table 2. 12: Summary of F.nvironm~n1al and H",a1(h Impacts for some ~omm()nly 
used foamed thennal insulating materials4s• 
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2 .. 7 .. 12 POLLUTION FROM MANUFACTURE AND 
USER 
Nearly aU manufacturing processes generate pollution. Much of the pollution 
generated by insulation production is a result of energy use (generally fossil fuel 
combustion), so a simple way to compare manufacturing impacts of different 
insulation materials is to compare the manufacturing energy required45• 
2.8 MOISTURE CONTROL 
Moisture transfers into the building structure from many sources. If enough quantities 
of moisture accumulates in the building envelope and cannot escape, it becomes a 
good environment for mould and other moisture-related problems. Different materials 
have different moisture storage capacities which are a function of time, temperature 
and material properties. If moisture penetrates into the building, thermal insulation 
will cause physical damage and win adversely impact on its performance by 
increasing its thermal conductivity. Four conditions are necessary for moisture to 
accumulate in a building component and pose a source of problems. These include a 
moisture source, a moisture route for travel, a driving force, and a material susceptible 
to moisture damage. Moisture can ideally be controlled if one of these conditions is 
eliminated. The most practical approach to controlling moisture in buildings is 
through careful design and material selection4J• 
There are different sources and transport mechanisms of moisture into building 
assemblies, includingl4, 4J. 
4& Liquid water flow from rain and plumbing leaks. Rain can penetrate through leaks 
around doors, windows and other cracks in the building envelope. 
4& Water vapour convection from air infiltration through openings and cracks in the 
building envelope. This is a major cause of interstitial condensation in the 
building envelope. 
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.. Water vapour from internal sources such as cooking, shower, laundry and indoor 
plants. 
.. Water vapour diffusion from parts with higher moisture levels (higher vapour 
pressure) to other parts with lower moisture levels. 
.. Liquid water movement due to capillarity from the ground through porous 
materials in the basement, foundation, ground floor slab and walls . 
.. Released moisture which was previously stored in the building structure during 
slow air drying construction process. This normally plays a role only in the first 
few years after building construction. 
In reality, multiple moisture sources and transport mechanisms normally act together. 
Every moisture transport mechanism can cause moisture problems and can help dry 
building materials and alleviate such problems as well. Therefore, it is not always the 
best approach to prevent moisture transport mechanisms but rather to control moisture 
sources, control moisture transport and accumulation mechanisms, and encourage 
moisture removal (drying) in a building assembly43. Many factors affect moisture 
problems in buildings. These include: 
.. Local climate at the building site. 
.. The difference between the indoor and outdoor climate. 
.. The type and quality of construction. Different materials will hold and transport 
moisture differently. For example, concrete will allow more moisture to pass and 
be stored than wood or aluminium. 
.. The amount of moisture generated indoors. 
.. The ventilation process. 
.. The type and position of the insulation used. 
.. The use and location of vapour retardants. 
In order to control moisture in buildings, it is important to understand the climate at 
which the building is designed, its thermal systems, and consider the following: 
.. Select proper building materials and construction methods. 
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• Prevent rain water penetration into the building envelope by proper roofmg and 
caulking around all penetrations and cracks. 
• Control infiltration by sealing all air leakage pathways around the building 
envelope. 
• Use proper ventilation and dehumidification. However, in humid climates make 
sure that the incoming ventilation air is not a moisture source where it might be 
more humid than the inside air. 
• Use and properly locate vapour retardants m the building envelope when 
applicable. 
2.9 VAPOURRETARDANTS 
A vapour retardant is a special material (treated papers, paints, plastic sheets, and 
metallic foils) that reduces the passage of water vapour. The material permeability 
determines the extent to which water vapour can pass through it. The lower the 
permeability, the better the material is as a vapour retardant. Materials can be 
classified based on their permeability as follows: 
• Vapour barriers which are very impermeable to water vapour (::;1 % permeable). 
These include polyethylene films, aluminium foils, oil-based paints, vinyl wall 
coverings, sheet metal, foil-faced insulation, glass and rubber membranes. 
• Vapour retardants which are semi-vapour permeable to water vapour (1<10 % 
permeable) and include plywood, un-faced expanded polystyrene, paper and 
bitumen facing on fibreglass insulation and most latex-based paints. 
• Breathable materials which are permeable to water vapour (~10 % permeable) such 
as unpainted gypsum board, un-faced fibreglass insulation, cellulose insulation, 
cement, and other similar building materials. 
When vapour retardants are used when there is high level of moisture in the air of a 
living space, such moisture can cause a lot of problems. When such moist air touches 
a cold surface with a temperature that is below or equal to the dew point of that air, 
condensation will start to occur on that surface which could accumulate and create 












problems. If this moisture penetrates into the wall or the ceiling it could create an 
environment for mould and mildew growth resulting in health problems and damaging 
building materials. If it gets into the insulation material, it will adversely impact on 
its performance. Thermal insulation can help cure or complicate moisture problems. 
The temperature inside an insulated component is changed and the new temperature 
profile can either prevent condensation or make a surface inside that component 
colder during winter than it would be if un-insulated. Therefore, water vapour 
travelling through that component can condense and cause problems46, "7. 
The type and location of the vapour retardants to be used in a building depends greatly 
on the prevailing climatic conditions and whether moisture is expected to move into 
or out of the building. For example, in regions with prevailing cold climates, moisture 
tends to diffuse through the building envelope from warmer and more humid inside 
air to colder and drier outside air. The exterior surfaces should be permeable to allow 
drying towards the outside. In regions with prevailing hot and humid conditions, on 
the other hand, moisture is expected to diffuse through the building envelope from 
outside warmer and humid air to the colder and drier inside conditioned air. 
Therefore, vapour retardants should generally be placed towards the outside surface of 
the insulation. In mixed climates, where moisture is expected to move both into and 
out of the space without predominance of either, it is better not to use vapour 
retardants at all and allow water vapour by diffusion to flow through the building 
envelope into and out of the space without accumulation. Rigid foam insulation 
boards do not require added vapour retardant treatment when placed onto the interior 
of stonework walls"7• 
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2.10 PREFERRED INDOOR AIR 
TEMPERATURES 
~?---------------------------------------------~ 
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Figure 2.2: A temperature comparison of a typical middle class house before 
insulationso • 
Mathews et al conducted a study on preferred conformable indoor air temperature in 
different regions of South Africa. It was found that an indoor air temperature of 
approximately 28.5 °c was acceptable for 80 % of the participants taking part in the 
survey. For an indoor temperature of around 30.5 °c, only 27 % were of the opinion 
that the indoor environment was acceptably comfortable. These tests were conducted 
without the consideration of humidity. A study was also conducted on six different 
houses in the Pretoria region"' '''. It was also found that when thermal insulation is 
installed in the ceiling of the house these comfortable temperatures can be 
approximately achieved. Fibreglass insulation was installed in each house's ceiling. 
To provide a control, two further non-insulated houses were also measured during the 
measurement of other six insulated houses. The six houses used were chosen to fit the 
profile of an average middle to high income household in South Africa. 
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Figure 2.3: A temperature comparison of typical middle class house after 
insulation50 • 
The measured indoor temperatures for each house were then compared with the 
outdoor temperatures. The results are shown in figure 2.2 and figure 2.3. It is 
interesting to note that the maximum indoor and outdoor temperatures were close to 
each other when no ceiling insulation present. However, a significant difference 
occurred after the ceiling insulation was instaHed50• A better indoor temperature can 
be achieved with a different thermal insulating material. The results found here are 
not total representations of the South African climatic conditions. However they give 
an idea of the significance of thermal insulation in the ceiling of buildings. 
2.11 MODES OF THERMAL HEAT 
TRANSFER 
To change the temperature of an object, energy is required in the form of heat 
generation to increase the temperature, or heat extraction to reduce temperature. Once 
the heat generation or heat extraction is terminated a reverse flow of heat occurs to 
reverse the temperature back to ambient. To maintain a given temperature, 
considerable continuous energy is required. Thermal insulation can be used to reduce 
this energy loss. Heat may be transferred via three modes: conduction, convection 












Convection is the mode of energy transfer between a solid surface and the adjacent 
liquid or gas that is in motion. It involves the combined effects of conduction and 
fluid motion. The faster the fluid motion or gas motion, the greater the convection 
heat transfer. Convection of heat occurs in liquids and gases, whereby flow processes 
transfer heat. Free convection is flow caused by differences in density as a result of 
temperature differences. Forced convection is flow caused by external influences (e.g 
wind or ventilators). 
Radiation is the transfer of heat energy by electromagnetic (infrared) waves and is 
very different from conduction and convection. Conduction and convection take 
place when the material being heated is in direct contact with the heat source. In 
infrared heating, there is no direct contact with the heat source. Infrared energy, like 
light travels in straight lines through space or vacuum and does not produce heat 
energy until absorbed. Thermal radiation mechanism occurs when thermal energy is 
emitted similar to light radiationSl• It occurs generally where the mode of heat 
transport is a gas. 
Glass, ceramics and polymers are relatively poor conductors of heat energy and are 
frequently used as thermal insulators. All gases are poor conductors of heat energy. 
The atoms or molecules are widely separated and interact rarely compared to solids 
and liquids. This is illustrated in figure 2.4, where two substances at different 
temperatures are separated by a barrier which is subsequently removed53• When the 
barrier is removed, the fast high energy atoms collide with the slower lesser energy 
ones. In such collisions the faster atoms lose some speed and the slower ones gain 
speed; thus, the fast ones transfer some of their kinetic energy to the slow ones. This 
transfer of kinetic energy from the hot to the cold side is called a flow of heat through 
conduction. The red box represents fast atoms, blue represent slow atoms and yellow 
the temperature achieved after removing the barrier. A combination of expanded 
polymer or ceramic fibre filled with air is an excellent thermal insulation. Generally, 
conduction in a solid, a liquid, or a gas is the movement of heat through a material by 
the transfer of kinetic energy between atoms or molecules. 











Figure 2.4: Ikat is condu~1ed by condudion between gas 
molecules'l. 
Thermal conduction is the molecular transport of heal under the influence of a 
temperature gradient. Thi~ mode of heat tran~t"er is more clearly ddined when a metal 
rod is heated at one end and heat is conduded through the rod by conduction as ligure 
. 1 " 2.511 ustrates·-. 
HOT 
(lots of vibration) 
Heat travels 
along the rod 
COLD 
(not much vibration) 
Jligure 2.5: A schematic repres<,ntation of how h<'at is conducted through a 
heated rod~2. 
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Figure 2.6: lleat transfer from a hot surface to air by convection represented 
schcmaticaul l . 
In the abscnee of any bulk fluid motion. heat transler between solid surfaces and the 
adjacent fluid is pure conduction. The presence of bulk motion of the fluid enhances 
the heat tr.msfer between solids and the fluid, but it also complicates the 
detennination of heat transfer rates. Consider the cooling of a hot block by blowing 
of 0001 air over its top surface as indicated in figure 2.6~1. Energy is first tr.msferred 
to the air layer adjacent to the surface of the block by conduction. This energy is (hen 
carried away Ii-om lhe surface by convection. The effects of conduction within air due 
to nmdom motion of air molecules and microscopic motion of air that removes the 
heated air near the hoI surface and replaces it by the cooler air, results in convection 
effects. 
All materials transfer heat by conduction as their component atoms or molecules 
exchange energy through collisions. Solids are the most effe<."tive conductors of heat. 
Althol.lgh the atoms in a solid have fixed positions, they constantly vibratc and 
interact with their neighbours. In hot areas the atoms vibrate more strongly, so the 
interactions tend to pass encrgy to cooler regions resulting in heat flow. Somc solids 
conduct heat much better than others, depending on the way the atoms are bonded 












together. Liquids are generally worse wnductors orheat than solids. The interactions 
are weaker than in solids and this makes energy transfer less efficient. 
DifTerent materials transfer heat by conduction at dlA-eren! rates and this is measured 
by the material's thermal conductivity. Consider a material placed in between rom 
reservoirs at different tempenllure~, as in the indicated in figure 2.752 . TIle fiow of 
heat through the IlNIterial over lime can be measured. But more practically the heat 
!low Tate (HFR) through the illSulation for a flat swface may be calculated ll~ing 
equation 2.1 33• 
DTxA 
H.FR(in·an·bour)= R [Wh[ (2.1) 
where, DT (K) is tempenllure dWerencc across the insulating material and A is the 
surface area (m"). The tenn heat flow in general. refers to the rate at which heat 
move~ from an area of higher temperature to an urea of lower temperature. 
Heat • 
I'igure 2.7: Schematic illustnllion of how thermal conductivity can 
be measured3l . 












The purpose of any insulating material is to retard heat flow. The term thermal 
conductivity is used to express the quantity of heat, which win flow across a unit area 
when a temperature deference of one degree exists. Thus. for a given temperature 
difference between the reservoirs. materials with a large thermal conductivity will 
transfer large amounts of heat over time. Such materials, for example, copper, are 
good thermal conductors. Conversely, materials with low thermal conductivities win 
transfer small amounts of heat over time and these materials. like concrete. are poor 
thermal conductors. For this reason, fibreglass, feathers or fur as insulation have air 
pockets and still air is a poor thermal conductor. These air pockets aid in cutting back 
on the heat loss through the material. Home insulation is thus a poor thermal 
conductor, which keeps as much heat in as possible. Instead of being rated in terms of 
thermal conductivity, insulation is usually rated in terms of its thermal resistance (R), 




where t is the insulation thickness. and k is the thermal conductivitySl. Materials 
which have a high thermal conductivity have, by definition, a low thermal resistance 
and they are poor heat insulators. Good insulating materials therefore should have a 
high thermal resistance. In fact, the R-value quoted for insulation is the thermal 
resistance. 
2.12 THERMAL QUANTITIES 
Heat is a form of energy. appearing as molecular motion in a substance or radiation in 
space. It is measured in the same units as any form of energy: the SI unit being the 
joule (1). Temperature can be considered as a symptom of the presence of heat in a 
substance; it is a measure of the thermal state of that substance. This is measured in 
the Celsius scale or Kelvin scale. Specific heat capacity of a substance expresses the 
relationship between heat and temperature: it is the amount of heat energy that causes 
a unit temperature increases for a unit mass of the substance. measured in units of 












Ikg-iK-i15. The most common quantities that are used to describe thennal properties 
of insulating materials are thennal conductivity, thennal resistance, thennal 
conductance and thennal transmittance13. Thennal conductivity is the time rate of 
steady state heat flow (W) through a unit area of 1m thick homogeneous material in a 
direction perpendicular to isothennal planes, induced by a unit (1 K) temperature 
difference across the sample4B• Thennal conductivity which is the k-value is 
expressed in W.m-1K"1. It is a function of the material's mean temperature and 
moisture content. Thennal conductivity is a measure of the effectiveness of a material 
in conducting heat. Hence, knowledge of the thennal conductivity values allows 
quantitative comparisons to be made between the effectiveness of different thennal 
insulation materials. 
Thermal resistance is a measure of the resistance to heat flow as a result of 
suppressing conduction, convection and radiation. It is a function of the material's 
thermal conductivity, thickness and density. Thennal resistance, R-value, is 
expressed in m2K. Wi. Thermal conductance is the rate of heat flow (W) through a 
unit surface area of a component with unit (lK) temperature difference between the 
surfaces of the two sides of the component. It is the reciprocal of the sum of the 
resistances of all layers composing that component without the inside and outside air 
film resistances. It is similar to thermal conductivity except it refers to a particular 
thickness of material. Thermal conductance, V-value, is expressed in W.m-2K-1• 
Thennal transmittance is the rate of heat flow through a unit surface area of a 
component with unit (1K) temperature difference between the surfaces of the two 
sides of the component. It is the reciprocal of the sum of the resistances of all layers 
comprising that component plus the inside and outside air film resistances. It is often 
called the overall heat transfer coefficient and is expressed in W.m-2K-154. 


















Figure 2.8: A schematic illustration procedure of how thennal 
conductivity can be measured55• 
According to the illustration in figure 2.8, thennal conductivity can be defined by the 
following equationS!!: 
(2.3) 
where. Q is the amount of heat passing through a cross section, A, and causing a 
temperature difference, AT, over a distance of M... Q I A is therefore the heat flux 
which is causing the thermal gradient, AT I M... The measurement of thermal 
conductivity has always involved the measurement of the heat flux and temperature 
difference. The difficulty of the measurement is associated with the heat flux 
......................................................................... 












measurement. The measurement is called absolute when the measurement of the heat 
flux is done directly by measuring the electrical power going into the heater. When 
the flux measurement is done indirectly through comparison techniques, the method is 
called comparative55• 
2.13.1 AXIAL FLOW METHODS 
Axial flow methods have long established and have produced some of the most 
reliable, highest accuracy results reported in the literature. It is the method of choice 
at low temperatures. Key measurement issues are mainly centred on a reduction of 
radial heat losses in the axial heat flow developed through the specimen from the 
electrical heater mounted at one end. The power dissipation of this heater is used in 
calculating column heat flux. The losses are minimal at low temperatures. As the 
specimen temperature moves above room temperature, control of heat losses becomes 
more difficult to eliminate. Of importance are the experimental parameters such as 
the ratio of effective specimen conductance to lateral insulation conductance and to 
the quality of guarding. Guarding is the match of the axial gradient in the specimen to 
that of the surrounding insulation. In practice, only cylindrical symmetry heat transfer 
is usedss. 
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Figure 2.9: The axial comparative cut bar thermal conductivity 
testing method55• 56. 
62 
This is perhaps the most widely used method for axial thermal conductivity testing. 
The principle of the measw-ement lies with passing the heat flux through a known 
sample and an unknown sample and comparing the respective thermal gradients, 
which will be inversely proportional to their thermal conductivities. In most cases the 
unknown is sandwiched between two known samples (the references) to further 
account for minor heat losses that are very difficult to eliminate. This type of thermal 
conductivity measw-ement method it is outlined in figure 2.955•56• IfkR in figure 2.9 is 
the thermal conductivity of the references, then the thermal conductivity of the 













Through mathematical manipulations equation 2.4 resolves to the following equation: 
(2.5) 
Guarded or unguarded heat flow meter methods involve the use of a flux gaugeS7• 58• 
The flux gauge is very similar, in its purpose, to the references in the comparative cut 
bar method. In practice the reference material has a very low thermal conductivity 
and can be made very thin. Thermocouple pairs are located on both sides of the 
reference material. They can be connected differentially to yield directly an electrical 
signal proportional to the differential temperature across it. This type of flux gauge is 
mostly used with instruments testing very low thenna! conductivity samples, such as 
building insulations. In a similar fashion, flux gauges can be constructed from a wide 
variety of materials, thick or thin. depending on the material's thermal conductivity. 
Common requirements for all flux gauges are that the material used for the measuring 
section be stable, not affected by the thenna! cycling, and the gauge be calibrated by 
some method independently. A very large variety of testing instruments use this 
method. 
2.14 MECHANICAL TESTING 
All materials require some degree of standard testing to ensure the proper execution 
for the desired application. There are various standard test methods introduced to 
determine the mechanical behaviour of insulating materials. This section win briefly 
discuss some of the test methods mostly used. The methods include three-point 
bending testing, compression testing. and creep testing. These methods are employed 
in industry to develop mechanical property data mainly taken over a short period of 
time at standard temperature and strain rates. 
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Figure 2.10: Experimental sct-up for the flexural test illustrated 
s~hcmatical1y, where the test speed is 5 mm-'min'l. 
rile three-point bending testing introduces flexural stresses onto the test samples. 
Therefore materials are subjeded to flexural testing in order 10 detcnnine the 
mechanical behaviour. During the three-point bending testing the material 
cxpenenccs both compression "nd tensile tor~e~~_ TIle te~t spedmen used is a 
rectangular bar, which is placed on fix ed supports near each other. The load is 
applied Ii-om [he top at the middle of the ~pccimcn (sec figure 2.10'"'). In the three-
point bending test the flexural slre~s «(I), defleclion and the t1exural modulu~ (F) of 
the material can be determined. The following equations are used to calculate these 
panUTlClers"'. 11l<: top p"rl oj" the specimm is lUlder compressIon and the bottom parI 
is under tension. 
Flf"xural Strf"ss (2.S) 













-Ibd'n Flexural ModuJu~ 
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(2.6) 
when:, F, L, b, d and D arc the load, support ~"pan, specimen width, speCImen 
thickness and deflection at the centre or the beam (see figures 2.10 and 2.11(011), 
respectively_ 
Flexural properties arc important in assessing the resistance of materials 10 bending. 
II' the load recorded corresponds to the value at which failure occurs. then () 
corresponds to the Jlexuml strength61 • 
, 
----------
Figun- 2.11: Schematic drawing showing the maximum deflection during 
flexure j2. 
2.14.2 COMPRESSION TESTING 
rhe compressive strength of a materi~l is the compressive force per unit area that it 
can withstand without lailing. This is in contrusl to the more commonly measured 
tensile strength. ASTM D 695 is the most commonly \I.'led lest method. Figure 2.12 
shows the lest geomclryil. 


















Figure 2.12: The test geometry of ASTM D 695 for compressive strenb>th 
testing represented ~chemalicallyOj. 
The compressive yield strength is th.l stress measured at the point of penn anent yield 
where the slope is zero. on the stress-strain curve. The ultimate compressive strenb>1h 
is the stress required to rupture a specimen. Malerial~ such as most plastics that do 
not rupture can bave their results reported as the compressive strength at a specific 
deformation such as 1%, 5%, or 10% of the sample's original height. The 
compresslve strength is calculated by dividing the maximum load b)' the original 
cross-sectional area of a specimen in a compression test. Polystyrene, as a common 
insulating material, has a compressive strength of arolllld 70 kpa6.l,64. 
2.14.3 CREEP TESTING 
A crucial challenge when designing producb to be made from polymeric llliI1erials is 
the prediction of performance over long periods of time. The amount of defonnation 
after short or long term loading has to be- known reasonably accurately in advance, i.e 
at the design stage. During long term service, creep and stress relaxation are the main 
deformation mechanisms that is of concern. Creep is particularly common in 
polymers. Creep occurs when a force is continuously applied to a component. causing 
it to deform gradually. For polymers, the delayed response of polymer chains during 
deformations is the cause of creep behavioor. If a load is slowly applied to a 
polymeric body, the chains in the polymer have time to unfold and ~tretch. 
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Deformation stops when the initially folded chains reach a new equilibrium 
configuration (i.e. slightly stretched). This deformation is recoverable after the load is 
removed, but recovery takes place slowly with the chains retracting by folding back to 
their initial state. The rate at which polymers creep depends not only on the load, but 
also on temperature. The temperature at which a polymeric body is loaded is very 
important with respect to its mechanical behaviour. In general, a loaded component 
creeps faster at higher temperatures". 
2.15 ECONOMICS OF INSULATION 
Insulation can be considered as a long term investment with associated financial 
benefit, following a relatively short initial payback. There are number of computer 
programs available to aid in selecting the most economic insulation thickness. The 
thickness provides the highest insulation value for the lowest cost. Economics is the 
primary concern in evaluating investment alternatives. When applied to an insulating 
system, economics can be used mainly to establish the following items. 
• Evaluation of two or more thermal insulating materials for the lowest cost for a 
given thermal performance. 
• Selection of the optimum insulat on thickness for a given insulation type. 
Knowing the value of heat energy, the cost of lost heat at the various thicknesses can 
be determined by the equation: 
R L = BFR x Rum: (2.7) 
where RL (R.0 is the Rand loss per unit area and RUHE is Rand per unit of heat 
ener~. HFR is the heat flow rate through an insulating material. 











2.16 FIRE TESTING OF POLYMERIC 
MATERIALS 
68 
When thermoplastics and elastomers are exposed to external or internal heat fluxes, 
they generally undergo softening and melting. This is followed by the release of 
vapours to the environment without significant surface charring. When thermosets 
are exposed to external and internal heat flux in a fire, they generally result in surface 
charring and form a combustible or a non-combustible mixture, depending on the 
chemical composition of the polymer vapour's. The polymer vapours generated 
during exposure to fire mix with air and form a combustible or a non-combustible 
mixture, depending on the chemical composition of the polymer vapours. As the 
polymer vapour-air mixture come into contact with the hot surface or the flame, the 
combustible mixture ignite and a flame is established at the surface, while the non-
combustible mixture does not ignite. The establishment of the sustained flame at the 
surface is termed ignition. After ignition, the burning polymer continues to generate 
vapours, whereas the non-combustible mixture continues to release vapours without 
burning. The two processes are called flaming and non-flaming combustion, 
respectively65 . 
The polymer surface location for ignition and the establishment of a sustained flame is 
defined as the ignition zone. The sustained combustion extends beyond the ignition 
zone if the heat flux from the burning polymer is of sufficient magnitude to ignite the 
polymer surface ahead of the flame front. The continuous extension of the sustained 
combustion on the polymer surface is defined as the flame spread. The release of 
heat, smoke and combustion and charring of the polymer in the flame is called fire 
propagation. Under all three fire stages of ignition, combustion and fire propagation, 
heat and products of complete and incomplete combustion are released into the 
environment around the fire periphery. The release of heat in the fire is responsible 
for thermal hazards and the release of complete and incomplete combustion and 
polymer vapours are non-thermal hazards". 
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CHAPTER 3 
E E T s 
3.1 INTRODUCTION 
This chapter outlines all the experimental methods used in this research project. The 
South African thermal insulating material market was examined by evaluating various 
thennal insulating materials. The recycled streams were also considered for possible 
raw materials that could be used to develop low-cost thermal insulating materials. 
Several mechanical tests where conducted in order to carry out the objectives of this 
research work. The developed expanded polyethylene foam (EPEF) and recycled 
polymer slab (RPS) samples where subjected to flexural (three-point bend), creep, 
liquid water, water vapour permeability, flammability and compression tests. A 
temperature comparison test and thermal conductivity determination were conducted 
on both the EPEF and RPS samples. The SEM (scanning electron microscope) was 
used to reveal the micro and macro structures of the samples and some of the already 
exciting thermal insulating materials on the South African market. Optical 
microscopy was only used on RPS samples. This chapter is aimed at providing the 
reader with an understanding as how the results of this research work, outlined in 
chapter 4, were obtained. 











3.2 REVIEW OF EXISTING INSULATING 
MATERIALS 
70 
The South African thenna! insulation market was studied to look at the thennal 
insulating materials available to local household communities and the industrial 
sector. This was done by visiting the Building Centre in Cape Town and obtaining 
the products from insulating companies that had their products displayed. 
3.3 RECYCLED MATERIALS SELECTION 
3.3.1 INTRODUCTION 
Different polymer based materials were evaluated for the purpose of the research 
project objectives. Recycled glass wool, recycled polymeric container bottles (e.g. PE 
and PP), recycled foamed polyethylene and recycled rubbers (tyres) were the 
materials considered. In considering the thermal insulating material, factors such as 
the method of production, assembly and the requirements for the end users were taken 
into account. Apart from the insulating properties, the most important consideration 
in developing the low-cost insulating materials is of course cost. 
3.3.2 EXAMINED MATERIALS 
Approximately 360 tons of scrap glass wool is produced each year during the 
manufacture of glass wool insulation. This scrap is available free of charge from the 
manufacturerss. The thenna! properties, fire retardant, UV-resistance, and low-
density of these materials are all very attractive. Glass wool was not chosen for this 
project since glass wool irritates the skin upon contact, it cannot be used in an 
exposed application, and it provides no waterproofing and above all the technology 
upon upgrading it to a low-cost thennal insulating material has been proven to involve 












Roughly 600 000 tons of used tyres are produced in Belgium, Gennany, France, 
Luxembourg and the Netherlands on a yearly basis. These tyres are either dumped in 
landfills, or burnt in power stations as a coal supplement67• The latter however, has 
caused a loud outcry from environmentalists, and increasing pressure from various 
environmental groups is likely to put a stop to this practice. A possibility also exists 
that an environmental tax may be placed on tyres in Europe. This tax would then be 
used to process tyres at the end of their lifetime". Tyres could thus easily be 
imported from Europe using the environmental tax. These tyres could then be 
processed into a base material for insulation at the expense of the original buyer. 
Studies have shown that rubber is an effective domestic insulator, and it is both uv-
resistant and waterproof'S. The major drawback of rubber (tyres), however is that it 
requires binding agents in its base fonn, which is quite expensive. The high density 
of a rubber compound could pose a problem for the flimsy structure of a RDP 
houses5• 
There is a large quantity of recycled polymeric bottles in the South African recycled 
sector. These used bottles include mainly PE and PP and they can be easily collected 
from the recycled facilities allover South Africa. Sondor industries (Pty) Ltd. is a 
company that produces expanded pol ethylene foam (EPEF), ethylene vinyl acetate 
(EVA), closed cell rubber and foamed plastic. The company's polyethylene off-cuts 
were mainly used in the developed insulating materials". The recycled 
polypropylene and polyethylene bottles and tops were chosen from other recycled 
polymeric materials, as they can be inexpensively collected from the recycling 
structures. The EPEF samples were also selected for this research project. The 
insulation kit (polyester and gypsum board) was chosen as a standard insulating 
material. 












3.4 PRODUCTION OF SOLID POLYMERIC 
SLABS 
The selected recycled polypropylene and polyethylene bottles and tops "'ere 
granulated to fine particles at Plastamid (Ply) Ltd. in Cape Town. The rcactor that 
wus built in the Centre fur Materials Engineering (CME) was modified for this 
purpose. Figure 3.1 shows tbe final reactor that wa~ to be used whilst figure 3.2 
shows a pidure of the mould. The granules were fused to form a oompacted slab 
using this rig. The components in figure 3.1 are: (I) temperature controller (2) 
heating clements (3) mould (4) and (5) base and top metal blocks (6) and (7) cooling 
pipes on base and top blocks (8) pressure applying block (9) hydraulic press (10) 
pressure gauge (11) pressure applying lever. The detailed procedure of using the rig 
to produce the slabs is outliocd in Appendix I. 
Figure J. I: Phologr<lph showing the rig used to 
produ<:e the solid re<:yded p0Jymer slabs. 











Figure 3.2: A photograph showing a closer view of 
the moold. 
73 
To see if the rig was working properly, the PP (virgin polypropylene) wa~ fused in the 
mould of the rig tollowing the procedure in Appendix I. The produced slab of PP is 
shown in figure 3.3. Slabs were then produ~d from granulated recycled PP and PE 
bottl~s and tops. The slabs where produced by using a mould temperature of 80°C 
for a period of 30 minutes. The slabs were further laminated with two layers of 
fibreglass on both sites. 
, 175mm , 
Figure 3.3: Photograph showing a sintered polypropylene slah. 












3.5 THERMAL PROPERTIES 
3.5.1 TEMPERATURE COMPARISON TESTING 
Figure 3.4: Photograph showing (Al the front view, (B) top view of the 
im.i<le ofthe roof and (C) top view of the inside ofthe two rooms. 
The hot box that was built in CME was used to compare the samples with a standard 
insulating kit. The ~tan<lard in~ulaling kit is a combination of 150thenn's thennal 
insulating material and gypsum board. The Isotherm thermal insulating material is 
made mainly of polyester. The hot box was constructed using wood and Pcrspex. 
Three thcnnometers and two 60 W light bulbs were used. Figure 3.4 ~how the two 
rooms of the hot box. The ambient temperature was not controlled during this 
experiment and it was varied between 20 and 2S "C. 
In figure 3:4 A is the front vicw of the entire hot box, R b the roof with two light 
bulbs and C is the two separated rooms. The procedure for operating the hot box is 
outlined in Appendix II. The temperature comparison lest was ~onducte<l for all the 
insulating material samples. This was <.!one by firstly leaving the roof of onc room 
un-insulated while the other room was insulated with the standard insulating kit. This 
was followed by placing the insulating material samples in the ceiling, and comparing 
the tcmJX:f3.tuTc curve with that of the standard insulating kit. The ""l.uivalent 












temperature for each room was noted for every ]5 minutes. These comparison tests 
.vere conducted three times for each of insulating material samples and the average 
recorded. 
3.5.2 MEASUREMENTS OF THERMAL 
CONDUCTIVITY 
To measure the thennal conductivity of the insulating materials samples. a thennal 
condudivity testing rig was built in the ('ME. The instrument ,vas constructed based 
on the comparative cut bar (ASTM E1225 Test Method) method. Figure 3.5 shmvs 
the thermal oonductivity measuring rig. The thermal conductivity of expanded 
polystyrene was measured in order to determine if the rig "HIS working properly which 
was then compared to its known thermal conductivity value from literature. 
" 
" 
Figure 3.5: Photograph voltage converter, (R) 
prognunmable voltage and (Rcx-P90), (C) aluminium 
heat ,ink, (D) specimens mlder. (El portable hybrid recorder (Model 3087). 
(F) heating element holder, (G) heating clement, and (H) top view or 
spedmen holder. 












The step-down voltag", controller reduces the 240 volts input from the mains to 80 
volts, which is suitable for the Rcx-P90 to control the heating element within the 
required range. The Rex-P90 is prograrruned to supply the heating element with 
power to reach a temperature of 80 "c in five minutes. Aft",r five minutes has 
elapsed, the Rcx-P90 allows the temperature of the heating clement to be between 79 
QC and 81 "c by s,,·jtching th", pow",r supplied to the heating clement on and ofT for a 
perioo of thirty minutes_ 
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Figure 3.6: A schematic illustration of the copper tuhe sP<'cimen holder 
showing positions of the thermocouples, reference and sumpl", materials 
and the heating element (heater). 
After thirty minutes has elapsed, the Portable hybrid recorder reads and prints the 
temJl<;'rature in four different points on the specimen holdcr. Figure 3.6 shows the 
positions were the thcnllocoupk:s are placed on lhe copper tube specimen holder. All 
the dimcnsions in JiguTe 3_6 are in mm. The Portahle hybrid recorder u~es K·type 
thermocouples to read the temperature. Thc Rex·P90 switches off the power to thc 
heating dcment after the tempenlluTes are recorded by thc Portahle hybrid record~r. 












The heating element is placed at the buttom oflhe specimen holder. into the hollowed 
copper tube so thai it can introduce heat to the specimens that are placed above it. 
The aluminium heat sink is placed at the lap of the specimen holder to encourage the 
heat to muve I.lpwards through the spcdmcns. The specimen holder has three 
dirtcrcnt parts. thc: high thermal conductivity copper lube (specimen holder) at the 
inside, non-flammable Aerolite thennal insulation blanket in between and PVC 
(polyvinylchloride) on the outside. The Aerolite thenml1 insulating material has a 
thermal conductivity of 0.040 W.m·iK-1 and it was used as a reference materiaL The 
thennal bl<mket is used reduce the radial heal loss by insulating the copper lube. 
Three sets of temperature measurements ",here performed for each sample and an 
average calculated to give the thermal conductivity of the insulating material sample. 
3.6 MATERIALS USED 
The thermal insulating materials samplcs used together with those developed IUT the 
research purposes were: 
• Sagcx's EPS (expanded polystyrene). 
• Isothc:rm's polyester thcrmal insulating material. 
• Sandor's developed cxpanded polyethylene foam (SPX25, SPX33, SPX33FRA. 
SPX45 and SPXSO). The two digits in front of thc SPX- TCpTCsentthe density 
(kg.m·") ofthe samplc and SPX is the trade name used at Sondor (Ply) Ltd. 
• Polypropylene and polycthylene fused solid slabs (recycled pol)mer slabs). 
3.7 SCANNING ELECTRON MICROSCOPY 
The thenllii! insulating materials samples collected together with those developed 
were cxamined under the SEM. The materials include: 
• Sagcx's EPS (expanded polyst)Tcne). 
• Isotherm (polyester). 
• EPEF samples (SPX25, SPX33, SPX33FRA, SPX45 and SPXSO) 












• Polypropylene and polyethylene fused solid slabs (recycled polymer slabs). 
A LEO STEREOSCAN 440 SEM operating at an acceleration voltage of 10 kY was 
used to quantifY the cells and their spatial distribution. This analysis was carried out 
on cryogenically fractured surfaces. In preparing samples I'oT the technique, 
spt'cirnens were lirsl molmted on alLlminium stubs. Helixe analysis, the samples were 
sputter coaled with a gold I palladium mixture for 10 minutes to render them 
conductive. 
3.8 PHYSICAL PROPERTIES 
3.8.1 WVP AND LWP TESTS 
Wyp (water vapour permeability) and L'WP (liquid water perm",abilityj tests on the 
insulating materials were performed in the Wood Science Department at Stellenbosch 
University. The water vapour permeability (WVP) ofthe materials was measured as 
mass increase per exposed square metre. aller exposure of one side urlhe sample \0 a 
]()() % RH aunosphere for 7 days. The test areas w",re 200 em'. Liquid water 
penneabilil} (L WP) was m",asured as mass inn",ase per exposed square metre after 
exposure of one side of the sample to a liquid water for 24 hours. The lesl areas Were 
200 cm2 und all tests were done at 25 "c. 
3.8.2 FLAMMABILITY TESTS 
The nammability teslS for the EPEF and RPS samples were perfonned by CSIRO in 
Australia. The con", calorimeter, as depicted schematically in figure 3:7, was used to 
examine the fire retardant performance of all the samples. By obsening lhe change in 
the fire parameters measured during this test, the fire retardant effectiveness of the 
materials was detennined. Parameters that were considered in this test included the 
following: 
• Elfective heat of combuSlion in MJ.kg· l. 
• Ratio of CO 10 Co, (based on weighl of lhe malerial burned). 












• Heat releilSe rale in kW.m-1. 
• Mass loss rate in %.5.1. 
• Rale of smoke lOrmation in cm1§'. 
The efTective heat of combustion (EHC) is a measure of the efficiency with which the 
emitted gaseous products are combusted. A lower ElIC indicates a less efficient 
combustion process in the gas phase, suggesting a better Ihune retanlant. TIle heat 
release rate (HRR) is one of the most important parameters for characterising the 
materiaJ's fire behaviour. It is an indicator for the rme of fire growth and the intensity 
of the fire. A more effective fire retardant has a lower HRR. A high production 
smoke rme (Rl:S) may be used an indicator of uncompleted combustion of volatile 
products. The CO to CO2 ratios may be considered an indicator of the degree of 
efficiency of the combustion processes. A high CO with respecllo CO2 confinns an 
inefficient combustion. 
____ _ ~ _ To"""""",, 
Figure 3:7. A Schematic representation of a Stanton Redcmft cone 
calorimeler u~ed by CSIRO to perform the fire tests. 
A Stanlon Redcroft cone calorimeter was used in accordance with ISO 5660-1. Under 
the standard conditions. the srunple dimensions were 100 nun X 100 mm with a 
thickness of 6 mm and were contained within an aluminium tray dllriog the lesling. 












The aluminium tray was taller on the sides than the tray specified in ISO 5660-1 to 
ensure or the entire specimen and mass loss was only via volatilii5lltion and 
combustion. TIle sp"",,-imcm were positioned horizontally on the load cell within the 
COlIC calorimeter and tested at a h~al nux or 25 l W.m"l. The other variation to the 
standard was the use of a radialion ons instead of 50 kW.m- 1• 
3.9 ECONOMICS OF INSULATION 
3.9.1 ECONOMIC INSULATION THICKNESS 
"Jhc thickness of insulation can provide the highest insulation value. As a result of 
this a cost analysis was conducted on the experimental thennal insulating material 
sample8. A co~t analysi~ was done to determine the optimum thickness with the 
lo",~st energy lost fOT th~ tht'lTIlal insulating: makrials under investigation. This cost 
analysis, which is based on thickness, R-valw and thcnnal conductivity, he\p8 to 
evaluate the insulating material for the lowest cost ror a given lh~rmal performance. 
A, a result the optimllm insulation thickn~ss"";ll he selected for given insulation type. 
Equation 2.1 in chapter 2 was used to calculate Ihe heat Dow rate (HFR). which is the 
equivalent of the heat loss lhrough an insulating matcrial. Equation 2.2 was u,ed to 
calculate the thermal resbtmlce (R-value). The charge rates of Eskom were used iu 
calculatiug the Rand loss per unit arca (RL) (equation 2.7) for Ih~ insulaling makrials. 
lbe calculation was done on all the EPEF samples and Ihe RPS in,ulating materials. 
The EPS thennal insulating material from Sagex was also cvaluated. '[be last audited 
average price that Eskom charged was 16.08 ccuts(e) I kWh in 2003. Th~ price in 
2005 should l:>e around 2.5 % higher, putting it around 16.5 cent (c).kW"h-' , where 
kWh is kilowatt hour". 
A recent study that was conductcd indicated that the most acceptable indoor 
temperature v.-as round to be around a lo..>ffi[)t'ralure of approximately 301.5 Kos, 4". 
The study showed that the most common maximum outdoor temperature is 












approximately 32 "C (305K) in regions around Gautcng province (South Africa/'. 
The differenct; between tht: indoor and outdoor lCmpcramrc values (DT) of the house 
was about 3.5K (305K-301.5K). 
3.10 MECHANICAL PROPERTIES 
Several mechanical tests were conduct~d at room tcmp<;:ratur~ to dd=inc th~ 
illt'chanical properties of the insulating materials samples. The insulating materials 
samples were subjected to flexural. compression and cn:ep ksting. The flexural test 
and the compressive tests were conducted at the Cffitre for Materials Engineering, 
while the creep test was condoct:t:d at th" Stdknbosch Universi ty Wood Science 
Department 
3.10.1 COMPRESSION TESTING 
I<'ij!ure 3.8: Photograph showing the grip 5t't-up for the 
compression test on the ZWICK Un i v",r~al ~si1e machine. 
Th", Universal 7WICK tensile tester was used for th" compression testing by using 
suitable eomprc~~ion ~~ ling grips. The grip set up is illustrated in figure 3.8. In 
figure 3:8 the arrow points to the position whcrc the ~pecimcn is placed during testing. 












The dimen"ions of the EPEF specimens used for these tests were 25 mill X 34 mm for 
the diameter and thickness. respectively. For the recycled polymer slab the thickness 
used was 14 mm and the diameter was 27 mm. The ASTM standard D-695 was used 
for conducting the compression tests. Ten specimens were tested for each type of 
material. The test speed was set to 0.05 mm/min. Ten samples were done for each 
materiaL 
3.10.2 CREEP TESTING 
Creep testing on the insulating materials was performed in the Wood Science 
Department at Stellenbosch University. Creep was measured as the downward 
deflection (in mm) of the centre of a 30 nun X 30 mm board due to a 200 g weight 
placed a\ that centre point for a period of 14 days and under RH of 100 %. The tests 
,vere conducted at 25 0c. 
3.10.3 THREE POINT BEND TESTING 
Figur~ 3.9: Photograph showing a the gnp set up on the 
L'niver:sal ZWICK tensile tester machine for the three-point 
bend te~ting of samples. 
The Univen;al ZWICK tensile lester was used for the tbree-point bend tests by using 
suitable three-point bend flexures as shown in fib'llre 3.9. The ASTM standard 0 
5023 was used for conducting the three-point bend te~h. This test v"as used to 












determine the mechanical properties oflhe materials subjected to flexural forces. The 
ilimensions of thc EPEr specim~ns used for these tests were 800 mm X 100 mm X 18 
mm for the length, width and thickness, respectively. The recycled polymers slab 
thickness was 14 mm and that of the gypsum board wa, 9 mm. The test speed was set 
at 5 mmlmin. Ten specimens were done for each material. 
3.11 INSULATING MATERIAL PROPERTIES 
There are few companies in South Africa that are involved in manufa<.'turing and 
distributing of thernml insulation materials. These companies include Aerolite 
(ceiling insulation), Sagex (Ply) Ltd., Insulation Solutions (Ply) Ltd., Nampack L & 
CP (super Sisalation~, and ll;olherm (Ply) U<l (lhem-.al roof insulation). 
3.11.1 AEROLITE 
Table 3.1 : The thennal and physical properties of 
Aerolite thermal insulating material" 
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Aerolite thermal insulating material is made from pure spun glass that is bonded with 
<In inert thennosetling resin. It reduces heat flow by up to 87 % and it can lower the 
temperature in summer by up to 5 "c. It is a non-combustible material that conforms 
to SARS 0177 p;1rI V awl SARS 0177 part HI (class I). A~rolite can ~<lsi1y <Iud 












incxpt'usively be installed in both existing 0.- new homes and buildings as ceiling 
insulation. Table 3.1 tabulate the properties of Aerolite thermal insulating materiafl, 
3.11.2 SAGEX 
Tahir 3.2: The thennal. mechanical 
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Sagcx (Pty) Ltd. has four different thermal insulating products. All four products 
have expanded polystyrene (EPS) as the core materiaL These four different thermal 
insulating materials are F.PS, Mega~pan, Kulile and Koolspan 73_ lhe Sagex's FrS is 
a polymcriscd styrene and is produced from benzene and ethylene. The 
polymcrisation is accomplished in the presence of catalysts using organic peroxides. 
lhe thenna] and physical properties of Sage x Ers are tabulated in !able 3.2. 
Megaspan is an in~ulated roof panel. The standard Megaspan panel eompri$es of a 
wide span metal roof sheet bonded to a core of 16 kg.m·] Sagex EPS. finished with a 
chromadek steel ceiling board. The overall thickness of Megaspan is 79 mm with 50 
mm of F.rs and has a ma~s of 10.5 kg per square meter. This whole Megaspann 
component has an average R-value of 1.712 m2.K.WI• Kulitc is a rigid laminated 
insulation board consisting of a core of Sagex nanle retardani F.PS. faced on both 
sides with a variety of combinations of rel1eetive aluminiwn foil , lacquered foil. and 
vinyl and bituminised kraft paper. Kulite is resistant to both moisture and most acids 
and alkalis founu in nonnal environmenis 72. Koolspan insulaled ceiling panels arc a 












derivative of the Megaspan range of composite insulated roof panels. It consists of an 
F.I'S sheet laminated to a ceiling board. The over-tIl thicknes8 of Koolspan is 34 mID 
with 30 mm of EPS and is has a mass of 6.4 kg peT square meter. This whole 
Koobllall component has an average R-value 0[0.855 m'.K W-1. 
3,11.3 ISOTHERM 
lsothenn thermal roof insulation is made from 100 % polyester. [I is safe and easy to 
install in roofs. Table 3.3 li;1 the Isotherm performance data7). 
Table 3_1: Isotherm insulating material perfomJance dataTJ • 
Tb.raul 
T~iclol . .. VODsity 
Ited".!io" i~ Resi,tu« Nois. R¢<Iurli". 
H.at ~'k'" (m ' K.W-I ) Co.lr"'i.,,, ~RC Val". 
(mol) (Io.~.m-J) 
(o.",ftw,Td. ) ( .. tested by (a. t • • t«l b~ t~ . S-\BS) 
the SAliS) 
" " &9'Y. {I.~~ " 
" " 72'1. UU " 
" " 78% 1 .~5 • ,. 
" "', ~'" • 
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Figure 3.10: Illustration of a cross-sectional view of the 
Polyminium 202 insulating material" . 












Polyminium 202 is a reflective foil insulation product that is supplied by Insulation 
Solutions (Ply) Ltd.", Polyminium 202 is a light, super strong roof. waterproofing 
and dust proofing buildings. It is a double sided retle\--tive foil with super strong 
woven polyethylene reinforcing as illustrated in figure 3.10. In the longitUdinal 
direction Polyminuim has a tensile strength of 12.2 kN.m-1 and in the transverse 
diroction it has a tensile strength of 8.9 kN.m-'. Its thermal resistance (R-value) is 1.4 
ml.K.W". 
3.11.5 NAMPAK L & CP (SUPER SISALATlON®) 
foil 
• Rtioforfio2 scrim 
• Kraft 
"t.:,.. • Polyethylene 
• Aluminium foil 
Figure 3.11: Illustration of the Nampak L & CP (Super 
Sisalation~) 400 industrial grade 75. 
Nampak r. & CP (Super Sisalalion"') manufacture and distrihute four different thennal 
insulating materials. Their products are aJl based 011 the principle of reflective 
insulation. Super Sisalation'" is a reinforced aluminium foil insulation material, made 
from a lamination of aluminium foil, Kran. paper. reinforced S)'TIthetic fibre and 
polyethylene. It is used in factories. warehouses. schools, hospitals and commercial 
and resid,mtial dwellings. Super Sisalation'" reduces heat gains in summer and retains 
heat losses in winter. The material also fU-"tS as a waterproofing membrane when used 
under roof tiles. Super Sisalation'" has a high light reflectivity. When installed in 
industrial building as an exposed internal roof lining, the reflectivity of the ceiling is 
increased by up to 40 %7~. 















This chapter presents the results of all the experiments outlined in chapter three. The 
resuHs obtained from temperarure comparison tests arc included. Mechanical and 
physical testing results are presented. Macro- and micro-structural investigations 
results arc also presented. The results from conslrucling the thermal conductivity 
measuring device are also outlined in this chapter. The thennal properties of existing 
thermal insulating materials are then compared with the thermal insulating materials 
developed during the research. ['his comparison will indicate which developed 
thennal insulating material could feasibly be selected for low cost housing 
applications. 











4.2 MICRO- AND MACRO-STRUCTURAL 
ANALYSIS 
4.2.1 POLYESTER (FROM ISOTHERM) 
Figure 4.1: SEM image showing the structure of the fusc:d fibres 
of the polyester insulating material obtainable trom loolhelTll. 
~ote the porous nature of this material. 
88 
The SEM micrographs in figure 4.1 show the pol)'e,ter tlbres and the numerous air 
spaces between the polyester fibres. The micrographs show clearly white 100 % 
polyester tlbrcs that were thcnnally bonded from long organic chains of synthetic 
polymer fibre. It is apparent from figure 4.1 that the air gaps pIa)' a signitiC<lnt role in 
the [ow thermal conductivity of this material. 
4.2.2 EXPANDED POLYSTYRENE (FROM 
SAGEX) 
Figtrre 4.2 show the closed cell expanded polystyrene microstructure at two different 
magnifications. The microstructures in figure 4.2 also shows the bonding between the 
pol)'slyrcnc beads. This foamed microstructure in figure 4.2 reveals clearly how air 
can be trapped within the closed cell ;tructure of e",panded styrene. Collisions within 
the gas molecules are reduced significantly by this form of microstructure. 












Flltur~ 4.2: SU,i ima~ showing (A) Sah'C:>,:" ,,"p:u\d...'d poJ)SI~T"n" 
ctoSt'd ~ell microstructUl'Cs sl ru~lure and (D) til", mi('"n"""ructu~ lit diff~re lll 
ma~lkation 
RECYCLED POLYMER SLABS (RPS) 
~lab without the wovcllgius:> lihres rcinforc<:ment 
The rig ck;<.o;ribed in ~{ion 3.4 ..,f chapler three was uscl (0 pnlduct !he polymer 
slahs obu\'ncd by fusing wgclhcr granulatoo I'olymer particks. Fisure 4.3 shows II 
picture "f ~uch a recyckd J)\,lymcr slab (RI'S). Figure 4.4 show~ a higher 
m..gniftC3tion optical microgr~ph or tit<. rrod~ed RI'S, .... ,[oout tik' gla510 (ibn? 
reinrorccmcm. It IS apJl<lfCllI from figure 4.4 Ih." 1M glllllui.::s o f rceydcd Pi' and PE 
h.ave be<:n blmdcd togdheT, but bonding is not fully attained. ~I'l'forc the granules 
can be easily removed from the :/OEd slab by al'omding it against another ~urla~e. 
Wown glus.~ fiMS \\"1:re laminAted 011 lh~ ,,,lid ~ab 10 prevrnt thi~ disintegration of 
th(' granulnleS fium the :dab and to ,mfV'wc the ml'Cllanical strrnglh to Ihe RPS. 
fiJ;UI'e 4,5 ~ ho .... 'lI this laminated solid slab and a hisher magniliclllion micrograph is 










nFigure 4.4: An optical mi~rograph ~howing the recycled slab morpholob'Y without the woven glass fibrtls reinforcement. 
Figure 4.5: T~OP~::~~~J~~~ ~~~~~~:~ 
lamin~ted with II 'on tI 
Figure 4.6: An optical micrograph showing the 
morphology of the recycled polym<lfS slah with the 
reinforcement of the woven glass fiOCcs. 












Figure 4.7: SEM micrograph oflhe recycled polymer slab 
sho'l'.ing thc:: glass li1Jn, + resin area (A) and an area of 
granulates (B). 
Figure 4.8: SEM mi,,'rogmph of the recycled polymer 
slab showing the bonding oct",een granulates. 
9\ 
The SEM microb'I'aphs in figures 4.7 and 4.8 illustrate the mOlphology of the recycled 
polymer solid slabs at II microscopic level. The letter (Al in Ih,'IJre 4.7 indicates the 
area around the surface of the slab where the glass fibre. thermosetting resin, and 
granulates bonds together, while (8) indicates the area of the polymers (PP and PEl 
granulates bond as II result of heat applied during the fusion process. "Ibis is more 
clearly illustrated in the optical micrograph in figure 4.9. il is apparent from the two 
micrographs that the polymer granulates did!X)[ melt during the process of fusion, but 
only softened and bonded as they "''ere cooled. It is also noticeable in fib'UOC 4.9 that 
the type of bond formed between the granulated polymers had resulted in a tormation 
of structure that has air spaces between the polymer particulates. Hence air is 
separated in the.ge polymer slabs structures and there is a significant reduc\ion in gas 
molecule collision. 











Figure 4.9: Oplical micrograph of 1ke recycled polymer 
slab picture showing !he g11l'>S Jibre and resin area (i\) anoJ 
(R) the arcl! of granulakS. 
4.2.4 EXPANDED POLYETHYLENE FOAM 
(EPEF) SAMPLES 
,"'igur(' ·U4I: SEM ir:tll8~ showing lhe closed·eell foamed 
microstruc1ure of (A) SPX25. (n ) spxn, (C) SPX:33FRA. (0) 
SPX45 and (1:.) SPX80. 












SPX, in general, is a dosed ceil, crossed-linked expanded polyethylene foam (EPE!'). 
The SEM images in fib'llre 4,10 illustrate the morphology of the EPEr with respect to 
their different densities. The numbers at the end of the letters "SPX" signify the 
density (kg.m,l) ofllie material. A closed cell foamed structure can be observed in all 
of these micrographs in figure 4.10. These closed cell microstru~lure indicates that air 
i~ easily trapped in this cell preventing m<l}{imwn collisioll'l between gas molecules. 
4.3 THERMAL INSULATION PROPERTIES 
4.3.1 RELATIVE TEMPERATURE 
COMPARISON TESTING 
The temperature comparison test was chosen to compare temperatures ob\wned [OmI 
the two chambers in the hot box. The standard insu!<Iting kit polyester (obtained tWll 
lsothenn) and gypsum board is placed in the roof of the one chamber while the 
various insulating m<llerials samples lUlder investigation arc placed in the other 
chamber. The temperature comparison tests were conducted on all S£lmples viz., the 
recyeled pol}'1Uers sbbs (RPS), and <111 of the Sondor crossed linked EPEF (expanded 
polyethylenc foam) samples. 
4.3.1.1 Recycled Polymer Slab Results 
The graphs in figure 4.11 show a gradual increase in temperature as a function of 
time. Temperature (in degrees Celsius) is plotted <lgainst time (in minutes). It is 
apparent from figure 4.11 thai there is a 8igni lleant dltference in temperature between 
the curve of the roof, un-insulated room whilst the curves for RPS sample and 
standard insulation kit are similar. TlJ:: difference increases slightly as temperature 
incre<lses with time. It is clear from figure 4.11 that the temperature rises rapidly in 
the roof, followed steadily by that in the un-insulated room. The temper<lture8 of the 
room insubted with the standard insulation kit and that insulated with the RPS sample 
were below 30 "c for the duration of the test (figure 4.11). 
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i'igure 4.11: 1be graphs of the temp"ralure V.I'. time oflbe thermal insulating 
material samples (RPS) compared witb temperature prolile of the standard 
insulation kit (Isotherm + Gypsum board). 
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Figure 4.12: Rar chart representation of the 'equilibrillIll" temperatures for the 
thermal insulating material sample (RPS) compared to the standard insulation kit. 
There is a small difference in the 'equilibrium" temperatures between the RPS and 
standard insulution kit (SIK). This is apparent in the bar chart graphs of figure 4.12. 
The roof temperature reached th~ highest of approximately 71.4 "e on average 
followed hy approximately 40 "e for the un-insulated room. The RPS room 
temperature is around 26 °e and the standard insulation kit is at aroond 25 "C. The 
bar chart graphs for the RPS samples also shows that the error bars for the insulated 
and un-insulated room do not overlap indicating that there is a significant difference 
in temperatures between the two. It is also apparent from the bar chart graphs ill 












figure 4.12 that the RPS and SIK had significantly reduced the temperature of the 
rooms they were insulating, All this temperatures are the maximwn values of the test 
at steady slate. 
4.3.1.2 Sondor EPEF Samples 
" .N 
i ... "[~~~~::~====~~~~~-~ " .N " .• 
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Figun· 4.13: Temperarure profiles of the thennal insulating material sample 
(EPEF [18mm]) compared with the standard insulation kit temperature profile. 
The graphs in figure 4.13 and fi~,'uTe 4.14 show the rise in temperature as a function of 
time for the EPEF samples with thicknesses of 18 mm and 34 mm, respectively. 
Temperarure (in degrees Celsius) is plotted against time (in minutes). It is noticeable 
from figure 4.13 and figure 4.14 that theTe is a significant difference in temperature 
between the curve of the rool; the un,insulated room, and the curves for the EPEF 
sample and the standard insulation kit materials. It is also clear from fib'lll"e 4.13 that 
the temperature in the roof and un-insulated rooms rises rapidly and then levels off. 
The temperatures of the room insulated with the standard insulation kit and all of the 
EPEF samples. managed to stay well below 30"C JOr the duration of the test. 
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Figure 4.14: Temperature profiles of the thennal insulating material sample 
(EPEF [34mm)) compared with the standard insulation kit temperature profile . 
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Figure 4.15: Bar chart representation of the equilibrium temperature for the thennal 
insulating materials samples (EPEF [18 mmJ) compared with the standard insulation kit 
room temperature. 
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Figure 4.16: Bar chart representation oflhe equilibrium temperature for the thermal 
insulating materials samples (EPEF [34 mm]) compared with the standard insulation 
kit room temperature. 
There is a o;mal! difference in room temperatures for the EPEF samples and standard 
insulation kit (SIK) combination. This is apparent in bar chart graphs of fib'Ure 4.15 
and figure 4.16, The roof tempcmmrc reached approximately 7L4°C on average 
whilst the (In-insulated room reached approximately 40°C. Table 4.1 tabulates the 
temperature recorded for the Sondor EPEF insulating materials samples with respect 
to their thicknesses. It is apparent from table 4.1 that for the SPX33FRA (34mm) 
insulation the [owco;t tempcrarurcs were recorded compared 10 the other EPEF 
samples which were are all below 25 "C. From the bar charts, the error bars for all the 
EPEF samples do not overlap. "Jbere is a significant difference between the 
temperature for the roof and the un-insulated roof as indicated again by the error bars 
that do not overlap. It is again apparent from the bar chart graphs in figure 4. 15 and 
figure 4.16 that the EPEF insulating materials and SIK had significantly reduced the 
tempernture of the rooms they were insulating. The thickness of the EPEY samples 
showed no significant difference with respe<.'t to the maximum tempemtures recorded. 
All these temperatures are at the maximwn point of the test duration when the steady 
state was observed (table 4.1). 











Table 4.1: The maximwn room temperature of the hot-box insulated 
with different Soodor EPEF insulating materiaisamples. 
EPEF Thickness 
Samples 18 mm 34mm 
SPX2S H oC 24°C 
SPXll H oC 220 C 
SPX33FRA 230 C 21 °C 
SPX~ H oC 220 C 
SPXSO 230 C 220 C 
4.3.2 THERMAL CONDUCTIVITY 
98 
file thermal conductivity measurement was chosen in order to better ruulerstand the 
insulating ability of the materials. The thennal conductivity was conducted on all the 
SOOOor EPEF insulating material samples and the RPS samples. The thennal 
COOOllClivity for Sagex's EPS was also measured. The results of all the insulating 
materials under investigation together with the ErS from Sagex are tabulated in table 
4.2. It is evident from table 4.2 that the EPEF samples have considerably low k-
values compared to the EPS and RPS material. The standard error was considered to 
be significantly small for all samples tested. The difference in the thermal 
conductivity values of all the EPEF and the RPS samples is not highly significant as 
compared to that orthe expanded polystyrene. 












Table 4.2: Values of the tberm.al conductivity for th", EPS. EPEF and RPS thel1l1al 
insulating material samples. 
Materials 
k (W.rn- l K-l) k (W.m,lK-l) Standard 
Gh-en Calculated Deviation 
EPS (SAGEX)) 0.0411 0.047 (±G.OOO3) 
SPX25 (Sondor) 0-037 0.045(±0.001 ) 
SPX33 (Sondor) 0.037 0.043(±0.001 ) 
SPX33FRA (Sondor) 0.037 0.039(±0.001 ) 
SPX .. S (Solldor) 0.042 0.043(±0.001) 
SPX80 (Sundor) none 0.0"0(±(I.0003) 
R«yded Polymer Slab none 0.054(±0.0003) 
4.3.3 FLAMMABILITY TESTING 
4.3.3.1 Mass Loss Rate (MLR) and Mass Loss (ML) 
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~'iJ!Ure " .17: A graph 01 the average mass loss versus lIme tor the 
RPS samples aller tOe ignition had been initiated. 



















After ignition, there is a relatively rapid mass loss for the recycled polymers slab 
followed by a constant rate of mass loss until full decomposition. This constant nile 
of mass loss is observable in ligure 4.17 and the maximum time for full 
decom]Xlsition for the RPS sample is approximately 13 minutes. Two samples were 
tested for the recycled polymers slabs and their average mass loss is plotted in fib'llre 
4.17. 
For all ufthe EPEF samples after ignition, there is relatively slow mass loss followed 
by a relative constant rale of mass loss lUltii full decomposition (figure 4.18). It is 
apparent from figure 4.18 that it took less than 150 seconds for SPX25 and SrX33 to 
undergo full decomposition. It took about 200 seconds for the SPX33FRA and 
SPX45 to experience full decomposition (figure 4.18). Figure 4.18 shows that it took 
slightly above 200 s for SPX80 to undergo decomposition and full decomposition did 
not appear to occur (figure 4.1 g). 
- SPX25 - SPXJ3 - SPXJJFRA - SPX45 - 5000 
Figure 4.18: The graphs of the average mass loss versus time for the EPEF 
samples after the ignition had bt:en initiated. 












Table 4.3: The mass los~ rate range and the lime it look for the EPEF samples to 
dt;:Compose. 
Material 
MaSli Lou Rate (MLR) Time Elapsed 
% sec- i '" 
SPXZ~ 1.00-1.13 >60 
SPJOJ 0.&9-0.87 toO 
sPJOJFRA O.S7-1.00 ". 
SrX4~ 0.711-0.73 '" "XII 0.47-0.50 34' 
1.20 --_ •... -
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.. 00 '. 
~ 0.80 • - I ----_ .. , • ~ 0.60 - I , 
• 0040 • • • • 0.20 
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Figure 4.19: The graphs oflhe average mass loss rate versus lime for the FP:EF 
samples and RPS samples after the ignition had been initiated. 
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RPS SPX2S SPX33 SPX33FRA SPX4S SPX80 
Figure 4.20: Bar charts of the average mass loss rale versus time for the EPEF 
sampks and RPS samples after the ignition had been initiated. 
It is evident from the curves in fih'llre 4.19 that the average peak =s loss rate ranges 
roughly between 0.18 %sec" and 0.15 %.sec·[ for the two RPS S<!mpks tested and it 
lasted approximately for a period of 440 seconds. From table 4:3 and figure 4.19, it is 
seen that SrX80 has the lowest average peak mass loss ratc (0.50 % $(£1) compared 
to other EPEF samples. Its MLR is higher than the maximum peak MLR value 
recorded for RPS (0.18 %.$.1). This is more clearly evident in the bar chart 
repreS<:Jltatioo. of all the samples (figure 4.20). SrX25 has the highest P<'ak MLR 
value of 1.02 %.S·l (figure 4.19 and figure 4.20. table 4.3). The SPX33I'RA sample 
peaks at arOlllld 1.0 %.{', whilst SPX33 has recorded a MLR value of (J.8') %.S·1 and 
SPX45 an MLR of about 0.73 %.S·I. 















~ '1-- 500 . , 
] ~ 400 





0.'.' ______ • _______ _ 
Time ('l 
- KocyeJed Pmy"' .... Slob - SPX25 - SPXJ3 - SPXJJFRA - SPX45 - SPX8ll ' 
Figure 4.21: Graphs of the average heat release ratc (HRR) as a function of time 
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Figure 4.22: Bar chart graphs of the average heal release rate versus lime for 
the EPEI' samples and the RPS sample after the ignition had been initiated. 
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The ~urve ofrecycled polymers slabs in figure 4.21 shows a tlumbc:r of stages. There 
is an initial rapid increase in lIRR to a peak of around 400 kW.m"". which i~ fbllowed 
by a trough and then a ~teady incline up to about 500 kW.m·2. "Ibis is followed by a 
~lighl trough until another peak of 750 kW.m·1_800 kW.m·2, followed by another 
trough and a peak of around 5()() kW.m·2. It is apparent from figure 4.21 that there arc 
no multiple HRR peaks occurring for SPX25, SPX3J, SPX3JFRA, and SPX45 except 
for the curve of SPX80 that shows an initial rapid increase of HRR 10 a peak of 600 
kW.m,l. followed by a trough and then a steady incline 10 a peak that is just above 600 
k W.rn"I, which is the highest as compared to other EPEF samples, but lower than that 
ofRPS (750 kW.m·2). The lowest maximum IIRR value of approximately 420 kW.nf 
2 was recorded fur SPX25 (figure 4.21). with SPX33 at approximately 460 kW.m-2. 
SPX33FRA and SPX4S had HRR values of around S()() kW.m·l . The HRR values 
recorded for the different samples tested is more dearly illustrated in the figure 4.22, 
which is a bar chart representation in terms of the maximum HRR values observed. 
4.3.3.3 Effective Heat of Combustion (EHC) 
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I<'igure 4.23: The graphs of the average effective heal of combustion ver~us time 
for the EPEF samples and RPS sample after the ignition had been initiated. 












It clear from figure 4.23 that the F.HC for the RPS is fairly constant at between 30 and 
40 MJ.kg·!, during the main burning period. It is also apparcnt from figure 4.23 thaI 
the ERC values for SPX25, SPX33. SPX33FRA, SPX45, and SPX80 arc moderately 
constant betwcen 40 and 55 MJ.k{I, during the main Ilaming period and the ERe 
values for all the EPEI' 5!UIlplcs are slightly higher than that of the RPS sample. 
Thcse maximum EHe values recorded during the flaming period arc prcscnted clearly 
in the bar chart graphs in figure 4.24 for the samples tested. The burning period for 
the RPS sample is long compared to the EPEF samples (figure 4.23). 
RPS SPX25 SPX33 SPX33FRA SPX45 smo 
Figure 4.24: Bar charts of the average effective heat of combustion versus time for 
the F.PEF samples and RPS sample after ignition had been initiated. 
4.3.3.4 Rate of Smoke Formation (RSF) 
It is apparent from figure 4.25 that the smoke fonnation in lhe RPS samples 
commenced after ignition with a peak at aoout 0.1 m2.s'·. Because of the slowing of 
combustion after initial burning, dle smoke fonnation decreased, and then ro5e 
steadily widl the burning ofthc material to a maximwn slightly above OJ m'.s·1 and 
reduced to zero at the end of the test. An of the SPXS samples showed a rapid 
formation of smoke. because ofthcir relativcly fast combustion after ignition. SPX80, 
SPX33FRA, and SPX25 reached a maximum RSF values thaI are between OJ and 
0.12 m2.s·1• while SPX45 and SPX33 reachcd maximum RSF values that are between 
0.08 and 0.1 m2.s·1 Figure 4.26 shows dearly the maximum RSl' values for all 












samples tested and it l~ cl~ar that 1m, highest rate was experienced with the 
SPXJ3FRA. ~se show a relatively low smoke formation within all the EPEF 
sampks and the RPS sample. 
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Figure 4.5: The graphs of the average rate of smoke formation versus time for 
the EPEF samples and RPS sample after ignition had been initiated. 
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Figure 4.26: Bar charts of the average rate at which the smoke was fonned 
versus time lor the EPEF samples and RPS sample after ignition had been 
initiated. 












4.3.3.5 Carbon Monoxide (CO) and Carbon Dioxide (C02) 
Formation 
At the onset of combustion of the RPS samples, a peak of around 0.06 kg.kg- I (mass 
olTO per mass oflbe sample) was reached. After the maximum level 0[0.06 kg.kg· l, 
the level of CO had reduced and stayed between 0.04 and 0.05 kg.kg· l. This is clear 
in figure 4.27. It is also apparent from fi!,'1Jre 4.27lhat among the EPEF sarnpks the 
SrX25 has a highest amount of CO recorded. The graph ofSPX25 in figure 4.27 has 
an initial peak 0[0.14 kg.kg·1 and a trough ofaroWld 0.04 kg.kg· l which is followed 
by a peak that is around 0.19 kg.kg,1 at (he end ofcombu~(ion. SrX80 had the lowest 
valuc of CO fonned during combustion (figure 4.27). The bar chan graphs in figur", 
4.28 indicates dearly the maximum CO recorded for each sample tested and these 
graphs makes it dear that the SPX25 has the highest v<ilue, followed by SrX33FRA, 
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Figure 4.27: Graphs of the average rate CO formation versus time for the EPEF 
samples and RPS sample after ignition had ken initiated. 
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Figure 4.28: Bar charts of the average embon monoxide fonned versus time for 
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Figure 4.29: Graphs of th~ a\-erag~ rate CO, formation \- ~rsus tim~ for the EPEF 
samples and RPS sample after ignilion had been initiated. 
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Figure 4.30: Bar eharts of the avemge carbon dioxide fonned versus lime tor the 
EPEF samples and RPS sample after ignition had been initiated. 











Table 4.4: Maximum average quantity of carbon monoxide and carbon 
dioxide formed during thc combustion process for the EPEF ~mple~_ 
Materials 
Maximum Maximum 
CO (kg.kg-!) CO2 (kg.kg·!) 
Sl'X2!'i U.!90 2.63 
SPX33 0.047 """ 
SPX33Ii RA. 0.110 2.73 
SPX4!'i II.OSO 2.84 
SPXSO 11.043 2.75 
Rel-,}'cled 
Pol) men! dab 
U.060 BI 
The C02 1evcl for the RPS is reasouably constant !Jehveen 2 and 2.51 kg.kg·
1 (figure 
4.29) lOr the maiu part of combustion. SPX25 has the highest CO2 formed compared 
to all the samples tested and this is dear from the bar chart graphs in figure 4.29. The 
COl leve l for all the samples, including SPX25 is between 3.00 kg.kg· l and 2.50 
kg.kg·1 (fib'UIe 4.30). It is clear [rom table 4.4 that for all the samples, the amount of 
CO2 formed is higher lhan CO formed d1$ing combUSlion process. 
4.4 MECHANICAL PROPERTIES 
4.4.1 COMPRESSION TESTING 
4.4.1.1 Sondor [rEF Samples 
'Ihc compression lest gives the applied force as a function of the delleetion of the 
mal.erial in compres~ion_ The resu1t~ of these tesls are reprt'Sented by compressive 
stress versus deflection curve. 'Ihe compressive stress wa~ derived from the force and 
the specimen's dimensions a~ discussed in chapter 2 section 2.14.3 where the 
compressive stress is calculated by dividing the load (force) by the cross·scctional 
area (A). The specimens Ilsed for testing were cylindrical. It is apparent from figure 
4.31 that the SPX80 has the highest resistance 10 crush load compared to SPX25, 
SPX33, SPX33FRA and SPX45. The SPX8Q has maximwn compressive strength of 












0.040 MPa whilst the average compressive strenb"th for the SPX25, SPX33, 
SrX33FRA and SPX45 is about 0.02 MPa. This is more clemly illustrated in figure 
4.32 where the error bffi1l for the EPEF samples overlaps, showing no significant 
difference in their maximwn compressive strength. For all the samples the test was 
stopped as the materials were defonning pla~tically without breaking to failure. These 
ErEF samples TeCQvered completely after the compressive loading. 
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Figure 4.31: The compressive test stress I deflection curves for (A) 
SPXSO, (8) SPX45, (C) SPX33FRA, (D) SPX33 and (E) SPX25. 
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Figure 4.32: A bar chart representation for compression te~ls lor the EPEF 
insulating materials. 











Table 4.5: Average compressive strength for the EPEF 
insulating materials, RPS insulating material. together with 
their sUmdard deviation (SIDEV) and stlmdard error values 
In~ulatitlg l\bximum Sire~~ STI)E" 
Materials (\IPa) (for J\bx.Stress) 
SPX2:'i 0.021 (±O.OOl) 0.004 
SrX33 0.020 (±O.OOI) 0.002 
SPX33FRA O.O JR(±lUKI04) 0.0013 
SPX4:; 0.021 (±O.OOO3) 0.0010 
SI'X80 0.035 (±O.OOl) 0.003 
R"'"i.',ckd 
Polymers Slab 
11.13 ("'1..3\1) 2.7 9 
111 
Ten samples were tested in compression for each material. A statistical analysis was 
perfonned for each EPEF !hennal insulating material and the RPS thermal insulating 
materials. The resu lts are tabulated in table 4.5. II is clem from table 4.5 thm there is 
less deviation from the average maximrun compressive strength as the values for the 
standard deviation (STDEV) me relatively low. 
4.4.1.2 Recycled Polymer Slab 
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Figure 4.34: Pictures showing the compression test specimen holder before testing 
(A) and when the test was stopped (13) for the RPS materiaL 
It is apparent from 1igure 4.33 that the maximwn compressive stre!lb>th of 
approximately 7.2 MPa for the RPS is significantly higher than that of SPX80 (tib'llTe 
4.31. table 4.5). The tests were stopped when the RPS material crumbled. Fib'llre 
4.34 shows (he specimenjusl before the point offuilure. 
4.4.2 CREEP TESTING 
T able 4.6: Creep test results for expanded polyethylene foam and 
the recycled pol)'TIlers slab samples. 
OeOection (mm) 
Thiel,oe,s Sample Description 
t "14 da~'s 
18mm SPX33FRA 2 
ISmm SPXIIO 0 
tHmm SPX45 I 
18mm SPX25 3 
tHmm SPX33 2 
tHrum Recycled J'olymen Slab 0 












The: creep tests were conducted by the Department of Wood Science at the University 
of Stellenbosch. The creep test was conducted on all of the EPEF samples and the 
recycled polymers slab. The test results for creep are tabulated in table 4.6. The test 
results fur creep reveals that the SPX80 and the recycled polymers slabs did not show 
deflections after 14 days of testing. The maximum value of 3mm was recorded for 
SPX25. The SPX45 del1ected by only lmm after 14 days. The SPX33 and 
SPX33FRA managed a 2 mm deflection. The creep of tile deflected samples was not 
pennanent as the samples had returned to their original shape aller the test load WiW 
removed. 
4.4.3 THREE POINT BEND TESTING 
The three"point bend test gives the applied force as a function of deflection of the 
material in flexure. The results of these iCsts are represented by flexural stress wrsus 
deflection curve, where the !lexural stress was derived from the force using equation 
2.5 of section 2.14 in chapter 2. It is apparent in fib'llre 4.35 that the SPX80 (Al has 
the highest value of ultimate flexural stress. lhere appears to be no significant 
difference in ultimate l1exural stress for SPX33, SPX33FRA and SPX25, inferred 
from the overlapping of the error bars in figure 4.36. The error bars for SPX45 and 
SPX80 are oot overlapping with any of the other EPEF samples 
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FigUR- 435: Three-point bend stress/deflection curves for (A) srXRO, (R) 
SPX45. (C) SPX33FRA, (0) SPX33 and (E) SPX25 for the EPEF 
insulating materials. 












The true failure stress and strain for all of the EPEF are not known since the tests were 
stopped before failure. ['hey all demonstrated the same bebaviour of continuou~ 
plastic defonnation. This is ilIustmtcd in figure 4.37 where the SPX25 was used as an 
example of this common behaviour of the EPEF samples. The tests were stopped 
because all of the EPEF samples were continuously defonning plastically after the 
UTS (ultimate tensile suess) during the lest until the grips of the testing machine 
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Figure 4.36: TIle bar chart representation for the thrc,,"point bend tests of 
EPEF insulating material samples. 
Figure 4.37: Photograph showing the 3-bend testing of the SPX25 before 
(A) and after the lest was stopped (D). 
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Figure 4.39: Three-point hend stress/deflection curves for the gypsum board. 
Figure 4.40: The pictures showing the 3-point bending test specimen grips 
Ix:forc testing (Aj and when tbe test wa~ slopped (Fl) for the RPS material. 












Fib'llre 4.38 shows the flexural stress versus deflection for the recycled polymers slab 
(RrS) samples. 'Ibe RPS has the highest tk xural stress compared to all or the EPEF 
samples and the gypsum board. The gypsum board has a UTS flexural stress that is 
higher than that ur toc EPEr samples, but smaller than toc flexural value for 
insulating material (figure 4.39). Fi~,'ure 4.40 illustrates the RPS specimen during the 
bend tcst. 
Tabl r 4.7: Average flexurul stress and modulus for the expanded polyethylene foam 
(EPEF) samples, recycled polymers slab (RrS) samples, and the gypsum board together 
with their standard deviation (STOEV) and standard errur values_ 
In.ulating MHimum STDEV Flexllral STDEV 
Materials Str" .. (::>.lPal (for M~x.Sj~ss) Moduh.s (I\IPa) (for F.MlHiulu.) 
~PX25 0.11 ( .. a.G I) 0.04 e.95 (±O.O6) O, lS 
~PX33 0.20 (±O.OI) '" 
M~(*1l03) 0.10 
~PXJ3FR.'" 0.14 (±O.O I) O.U2 1.O!t (±Q.OJ) 0. 11 
~PX4~ 0.3-4 (±O.OO4) O.UI 1.50(±O..03) 0.10 
~PXSO 0.54(±O.01) 0.04 l.46 (±o.oS) U. 16 
Recycled 
39.40 (±O..17) 




0.36 J.7'l (±O.13) 0.40 
Table 4.7 tabulates the maximwn tlexural stress and maximwn flexural modulus fur 
the EPEF samples, recycled polymers slab insulating material and the gypswn board. 
Ten samples were tested for each material and a statistical analysis was performed on 
the data for all the samples. The ~tandard error (the", value), in table 4.7. shows that 
there is no significant difference between the 10 samples lcsted for each material. 'Ine 
standard deviation (STDEV) values for al l materials in table 4.7 indicate that there is a 
small amount uf scatter frum the mean values uf fle]<ural stress and fle1<ural mudulus_ 
The RPS insulating material has the highest flexural stress and flexural modulus. 
compared to all EPEF samples and the gypswn board. It is evident from table 4.7 that 
the SPXSO has the highest flexural stress and flexural modulus compared to the other 
EPEF samples. The second highest second t1c1<ural stress and modulus was recmded 
for SPX45 whilst much lower values were recorded for SPX25, SPX33 and 












SPX33FRA. [here appears to be no significant difference in the values tor l1exural 
stress and modulus for the EPEF samples. The gypswn board. since it not an 
insulating material, had higher values of both flexural stress and modulus. 
4.5 WATER VAPOUR PERMEABILITY (WVP) 
AND LIQUID WATER PERMEABILITY 
(LWP) TESTING 
The results obtained lor the water vapour penneability (WVP) and liquid water 
penlleabiliiy O,WP) Jrom experimental tests that were conducted at Stellenbosch 
University are tabulated in table 4.8 (WVP) and table 4.9 (LWP). The results or the 
WVP tcst in table 4 .8 shows that the SPX80 sample had the lowc&t value (ll.n g.m") 
Jor mass upwke per square meter compared to the other insulating materials samples. 
There is a small difference between the waler vapour uptake for the remaining 
insulating materials. SXP33FRA and SPX33 have an uptake value of 24.50 g.m·1 
whilst the highest value: 01'26.00 g.m"' was recorded lor SPX45. All the tests on the 
specimens where performed for a period of7 days. 
Tablf' 4.8: Water vapour pcnncability test results for the EPEF thennal insulating 
material samples over a period of7 days. 
Darf'in Date out 
U7f1)610:<i '4f1)6105 Mass Uptakf' 




Ma .. (:) ">I.ss tg) (g.m·'j 
lKmm ..... Xl:<i 16.111 16.68 (1,49 24.5(1 
18mm SI'X33 17.26 t7.78 0.52 26.(10 
18.m SI'XlJFR-\ 17.17 17.66 0.49 24.50 
IS.1n SPX45 2S.211 28.79 0 . .50 2~.00 
, ... SPX8lI ~3.86 ~~.(18 0.22 11.00 












Table 4.9 : Liquid wmer permeability test f<'sults for the FPEF thermal in~ulating 
material samples over a period of24 hours . 
Date in nate out 
07106105 08/(16105 Mass IIp!ake 
Difference (I:) 124hrs/m2 
Tbicknc,," 
Sample 
Mas. (1:) Mass(g} (g.m-'l 
I).script'"n 
18mm SPX1~ 16. t 5 16.78 0.63 31.5(1 
tHmm SPX33 17.31 17.83 0.52 26.0(1 
IRmm SPX33FRA 17.32 17.58 0.16 IJ.O(l 
IlIInm SPX45 28.41 28.89 0.48 2UG 
18mm Sl'X8U 43.95 44.15 11.20 HI.OIl 
In the LWP test, the SPX80 has the lowest value (10.00 g.m-2) for the mass uptake per 
~quare meter. 'Jbe highest value 0[31.50 g.m,2 was recorded for SPX25. The second 
lowe~t value of 13,00 g.m'" "'lIS recordtX! for SPX33FRA, while there is not much 
difference between the SPX45 and SPX33 samples. as indicated table 4.9. The result 
for the lU'S slabs could 001 be obtained. The recycled polymers ~lab could 001 be 
ffi<,asured for L WP a~ it wa~ leaking. Water could not settle inside the ~cimens. A 
WVP test was not conducted as relatively little water was eXflt'cted to be absorbed by 
the recycled polymers slab. 
4.6 ECONOMICS OF INSULATION 
4.6.1 ECONOMIC INSULATION THICKNESS 
Table 4.10 shows the calculated values for the heat flow rate or the heat loss through 
an in~ulating material (HFR) and their corre~ponding Rand lo~~ (RL) value~ per unit 
area (1 m2l for EPS, RPS and an of the EPEF thermal in~ulating material sample';. 
"Ibeir R-values were al~o calculated. It is noticeable from table 4.10 that the EPEF 
samples have lower values of HFR and RL and higher R-values than the ){PS 












material. 'The srX33FRA (34 mm) and SPX80 (34 mm) samples have the lowe~t 
IIFR value; of 0.0040 kWh and 0.0041 kWh, respectively. Il is also seen in Iilble 4.10 
these m'll materials also show lower values of HFR at the smaller thicknesses (l H 
mm), at 0.0076 kWh and 0,0078 kWh, respectively. The R-values for the EPE£' 
samples increased when the thickness was increased Irom 18 mm to 34 mm. 
SPX33FRA (34 mm in thickness) has the highest R-value of 0.87 m"K.W-1 whilst the 
SPX80 (34 mm) h~ an R-value 0[0.85 mlK.W·I. The EPEI' samples of 18 mm 
thickness have R-values ranging between 0.4 and 0.46 m2K.WI. This can be 
compared with the R-value of the RPS which wa~ calculated to be 0.26 m"K.W·1, [n 
table 4.10, the RL values for the SPX insulating materials of thickness 34 mm is of 
the order 7-8 xlO-4 and increa-;es v..ith decreasing thickness. SAGEX EPS (50 mm) 
have an RL valtle of 5xl 0-1 R~ while that of the RPS (14 mm) was calculated to be 
2.2xIO-J RA. 
Ta ble 4.10: Tabulated calculated values of the R-value. HFR and RAL for the EPS 
(SAGEX) RPS (developed) and all of the SONDOR EPEF samples , . 
Matui"1 Thid.n ... (II) 
R_\·.lue L_.-.lue '" RL (R.) (m' K.W·') (\\.m·'K') (LWh) 
ill'S (S~r;IlX ) ' .f50 , .• ..... 7 '.0133 ' .00115 
Rr ~ 80 "'1'1< .. " ' .2' .. ". ... n • •.. ,,'" 
SONDOR EPEF TherRl.IIJl'''latin~ Mat~ri.1 Samples 
Thi<k ... , (I8t1l) Illi<L" .. , (34m) 
~-,.I"" 
11._\".1.< Il~R 11..\0)"" IlFR (W.m-'K-') 
{m' K.W·') II.Whl RLIR,I IID'K.W-L) (kl' b) I<.L (II,) 
SPX2~ •• ' .00811 ' .0014 ". ........ . ...... I_"'~ 
SPX33 '.42 U(l8-I 1.001 4 •• ...... "'''.7 ' ."'J 
&rx3~f'R.\ ...... U"" 'M'OU .. U"4& U 007 ... " 
SI'.x45 ' _' 2 U ..... f ...... ••• .~, ,.001, ' .H) 
~f,80 •. ~ UOll f.OO 13 ... ..... , ... "", '.(10111 















There are several factors that influence the performance and adaptability of polymeric 
based thermal insulating materials. These factors are mainly thermal resistance, 
thermal conductivity, combustibility, mechanical properties, moisture resistance and 
density. It is evident from the literature study that the key to maintaining a 
comfortable temperature in a building is to reduce the heat transfer out of the building 
in winter and reduce heat transfer into the building in summer by introducing thermal 
insulation materials into the building envelope. The building envelope is mainly 
formed by the floors, walls and roof, which may include elements such as windows 
and doors. The roof was found to be the major contributor to reducing heat loss in the 
building envelope when it is insulated. Buildings, as they are designed and used 
today symbolise unrestrained consumption of energy and other natural resources with 
its consequent negative environmental impact. This chapter deals with a discussion of 
the experimental findings outlined in chapter 4. 












5.2 EXISTING INSULATING MATERIALS 
As mentioned in chapter 3 section 3.11, existing thennal insulating materials in the 
South African market were used in this investigation. lIDs was done in order to 
understand and study the properties that would make a material a good thermal 
insulating material. It is evident from section 3.11 Utat the properties that govern the 
viability of thennal insulating materials are: 
• Thermal conductivity (k-value): This is the fundamental property governing heat 
flow through a thermal insulating material from a higher temperature to a lower 
temperature. 
• Thermal resistance (R-value): The higher the value of thermal resistance, the 
better the insulating capability of the material. 
• Density: The density of an insulating material affects its thermal insulating 
capability. 
• Combustibility: This is a significant parameter as it provides an indication of the 
insulating material's contribution to fire hazard. 
The second priority is given to physical properties such as moisture absorption and the 
presence of hazardous gases during burning. It is evident that polymeric based 
materials are mainly used in developing these thermal insulating materials, although 
reflective aluminium foils are also sometimes used. When cost as the determining 
factor is ignored, both the polymer and the metal (AI) foil are combined. In a general 
sense the market is dominated by organic, inorganic and reflective thermal insulating 
materials. 
In section 2.4 different forms of insulation were defined and it was explained in 
section 2.3 that insulating materials are energy dependent products. As a result of this 
they should be evaluated as part of a building when they are developed or evaluated. 
not as energy independent products. It was also found that South African residential 
consumers see affordable electricity as a requirement for an improvement in their 
standard of living'. As result of this, convenient small. portable, inexpensive, electric 
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resistance heaters are mainly used in households to keep warm. This is practiced 
mainly because of the mildness of the South African climate and the fact that the 
heating season is relatively short. This has been the driver for the production of 
thermal insulation materials in South Africa. Thermal insulation is perceived to be a 
luxury. With this in mind, it is evident that most insulating materials on the South 
African market have been developed based on affordability and not on sustainable 
criteria 
The products from Isotherm, Aerolite and Sagex are mainly resistive thermal 
insulating materials. The Sagex and Isotherm products are based on the composite 
insulation principle, where resistive and reflective insulation materials are combined. 
Insulation Solutions (Ply) Ltd and Nampak L & CP products are reflective thermal 
insulating materials and they are mainly used in industry although they are relatively 
expensive. 
Reflective systems are more effective in hot than in cool climates. Reflective 
insulation is employed mainly where the dominant heat transfer is through radiation27• 
It is apparent from the South African thermal insulation market that foamed materials 
are mostly used in preference to reflective insulation. This is because solid raw 
polymeric materials can easily be developed into inexpensive foamed thermal 
insulating materials compared to the conversion of solid metals into reflective thermal 
insulating materials. 
Foamed thermal insulating materials fall under the group called resistive (bulk) 
insulating materials. Resistive insulation insulates against the transfer of heat simply 
through its resistance to conduction. Because air has one of the highest resistances to 
conduction, the best resistive insulators are those that trap small pockets of air within 
themselves. Figure 5.1 show a plot of the thermal conductivity of air as a function of 
temperature. It is apparent from figure 5.1 that the thermal conductivity of air is low 
even at high temperatures. Insulators such as glass fibre, mineral wool and expanded 












polystyrene work extremely well as long as the air within these pockets cannot move 
and thus transfer heat by convection2S. 
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Figure 5.1: Graph oflhennaJ conductivity as a function of the temperature for air~. 
Foaming dramatically extend~ the range of properties for engineering applications. 
Cellular wlid~ have phy~ical, me\:hanicaJ and thermal propertie~ which ure measured 
hy the same methods as those used for fully dense solids. Figure 5.2 shows the range 
of properties that foamed materiaJ~ can offer77. The bar with the dotted shading 
shows the range of properties spanned by conventional solids and the solid hars show 
the exten~ion of this T(ll1ge made possible by foaming. The low den~ities and thermal 
conductivity of foams has given a starting point for the development of low-cost 
thennal insulating materials. This is because in foamed polymeric materials, the low 
thennal condUCTIvity allows cheap, reliable thermal insulation even though thj~ ,-,an 
sometimes be achieved by expensive vacuwn-based methoch. 
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Figure 5.2: The range of properties available to engineering applications through 
foaming: (a) density (b) tht.rmal conductivity (el Young"s modulus (d) compressive 
stren.,'th 77. 
5.3 MATERIALS SELECTION 
A low cost thennal insulating material ",as developed duting this research project and 
only polymeric based raw materials were considered. Recyclable materials were 
investigated as possible Taw materials because of the tact that [he thermal insulating 
material had to be relatively inexpensive. Only a few polymeric raw materials were 












selected fOT evaluation and these included recycled glass wool. damaged car lyres, 
polypropylene and polyethylene bottles and caps as well as expanded polyethylene 
foams (EPEF) obtained from Sondor (Ply) Ltd. 
Some work has been done by Mathews el at. on recycled slass wool and tyres;. It 
was evident from their reseurch that in order to change or transfonn recycled glass 
wool 10 be a b>OOd thennal insulating materials one must use expensive binders or 
thermosetting resins and the tcchnolOb'Y behind it is relatively expensive to maintain. 
Besides this expensive procedure, the glass wool posses a health risk such as skin 
al!ergy and there is debate over whether or not fibreglass may cause cancif""'. "[he 
same can be said of tyres as they too need expensive binders and are highly 
nammable. Recycled PP and PE caps and bottles were chosen in order to see if it 
possible to transfonn them cheaply into a low cost I.hermal insulating materials. 
1l>ese low co~t thennal insulating materials will have to have the same thennal 
properties as some of the existing thermal insulating materials. The recycled PP and 
PI; caps and bottles can easily be collected from the recycling factories around Cape 
Town. 
Sondor (Pty) Ltd. is company that is based in Cape Town, produces different grades 
of closed ceil, cross-linked expanded polyethylene foams (EPEF) and offered to 
provide ofT-culs from their manufacturing processes. Five difTerent foamed 
polyethylene products were obtained. The difference can be found in their densities. 
"Ibe PE recycled bottles and tops were mainly selected because of their excellent 
thennal properties. The Sondor EPEF samples were accepted because they are 
expected to have a lower k-vallX'. since they have a foamed structure. Solid 
polyethylene has a low thcnnal conductivity value that ranges between 0.35-0.52 
W.m-1K- j whilst solid polypropylene has a thenna] conductivity of 0.2 W_m-IKI 12.13. 
This indicates that when they are foam ed they will have an even lower thennal 
conductivity. 












5.4 THE MORPHOLOGY OF THE RESEARCH 
SAMPLES 
As ouUined in chapter 4, section 4.4. the recycled PP and PE particulates were fused 
together into a solid polymer slab (recycled polymer slab). Prioc to the fusing 
process. the recycled PP and PE materials were granulated into rme granules. This 
was done using a granulator at Pla.~tamid (Ply) Ltd. The polymer granules were then 
washed belore they were used in the project. Polypropylene (PP) and polyethylene 
(PE) are both thennoplastics and soften by the application or heal. PP has a softening 
temperature of about 100 °c and melting point of 176°C whilst low density PE has a 
melting point or 115°e and high density PE melts at 135°C. They both soften at 
temperatures between 70 "c and 80 °C'I. \\lhen heated the PE softens and bonds the 
paniculates together as cooling occurs. Since the granulated material contained both 
PP and PE (low and high densities) the mould temperature was set at 80°C for 30 
minutes. This process created a porous structure with many air pockets. It is the air 
pockets formed in this RPS slructure which minimises air collisions within the slab 
(see SEM microgr<lphs in figure 4.7 and 4.8). All materials transfer heat by 
conduction as their component atoms or molecules exchange energy through 
collisions9 . The produced RPS has perfor<ltions in the structure which reduces 
collisions between air particlcs which results in a reduction of heat transfer within gas 
molecules. The low thenna! conductivity of the solid particles (PP and PE) 
maximises the resistance to heat conduction within the RPS slab. This technique of 
preventing heat conduction by using the high thermal re~istance of air i< evident in the 
EPS (Sagex) micro<tructure. 
The produced recycled polymers slab was laminated with two layers of woven glass 
fibres on either sidc. This was donc in order to prcvent the granules from ralling apart 
and at the same time to increase the me<:hanical properties of the slab. This process 
also prevents water from seeping into the slab. A hand lay-up process without 
vacuum fonning was used to make the laminates of the woven glass tlbres onto the 
polymer slabs. Both the RPS and EPEF samplcs havc a structure that can easily trap 
air « ee SEM micrograph in figure 4.10). The same principle that is u<ed by EPS and 












polyester for minimising the transfer of heat by conduction is evident in the EPEF 
samples. In general more foam materials arc used for !hennal insulation than for any 
other purpose. Closed cell foams have a lower (hennal conductivity than 
conventional non-vacuum insulation7~. Several factors combine to limit heat flow in 
foams: the low vohunc fraction of the solid phase, the small cell size which virtually 
suppresses convection and reduces radiation through repeated absorption and 
reflection at the cell walls, and the poor conductivity of the enclosed gas (air has a k 
value of 0.025 W.m-1K-! 77. 7~). AI! these factors arc evident in the micrographic 
structures ofRPS. EPS and all of the Sondor EPEF samples. 
5.5 THERMAL PROPERTIES 
The hot 00:< construction (filjure 3.4, chapter 3) uses the principle that a temperature 
gradient exist in the roof and the rooms oflbe box. The performance of the standard 
in~u1ation kit (Isothenn + gypswn board) can then be compared with other materials 
e.g the RPS and all of the Sondor EPEF samples. Heat is a fonn of energy that 
appears as molecular motion in a substance or radiation in space33. Radiation is the 
transfer of heat energy by electromagnetic infrared waves and is very different from 
conductiOil and cOilvection. "When the light bulbs in the roof of the hot-box arc 
switched on it radiates heat. Heal will travel from the bulbs by forced convection into 
the surrounding air~l. Since convection is the mode of energy transfer between the 
solid surface and the adjacent liquid O!" gas that is in motion. The heat is absorbed by 
the air molecules and they will collide with one another. In such colli~ions the faster 
molecules lose some kinetic enerb'y and the slower ones gain some. This transfer of 
kinetic energy from the hot to the cold side is called a flow of heat through 
conduction. Finally heat is tramucrred to the surlace of the Ihennal insulating 
materials by conduction and convection. 
Temperature can be considered to he a symptom of the presence of heat in a medium 
(air), and i~ a measure of the thennal stale of that medium~. Thermometers were 
placed in roof and the other two rooms of the hot-box 10 measure the temperature of 
the air as a function of time. It i~ apparent from figures 4.11, 4.13 and 4.14 that the 












temperature ofllIe un-insulated room n;,ached a maximrun of around 40 "e, the roof at 
about 70.4 °c and the standard insulatiOil kit room around 2SoC after approximately 
210 min. It is also dear from fib'llTe 4.11 that the temp"mture of the un-insulated 
room was reduced to below 30°C after an introduction of RPS for the same period of 
lime (210 min). Both the standard insulation kit and RPS act as ceilings for their 
respective roums. Similar results were achieved with all the Sondor EPEF samples 
when they were evaluated in the hot·box (figures 4.13 and 4.14. in chaprer 4). The 
difference in thicknesses for tl1<' Sondor EPEF samples did not mak", a significant 
difference in terms oftemperalUn. obtained of the room they insulated (table 4.1). 
The open spaces in the RPS and the closed-cell stnlcture in Sondor ErEI' samples 
retard the flow of heat by conduction and radiation as a result of the temperature 
difference between the roof and the room they are insulating. The air particles within 
the RPS slab and the Sondor EPEF samplo:s are not colliding with molecules in 
adjacent cells and this slows duwn tho;. transfer of heat rrom the roof into the room. 
The sam", principle happens with the standard insulation kit, where the poly",ster 
reduces collision between the air molecules. Figure 4.1 shows the open stmcture of 
polyester. In the standard insulation kit, the gypsum board was incorporated for 
strength and flammability purposes. 
5.5.1 THERMAL CONDUCTIVITY 
Thennal conductivity in simple tenns is a mea~ure of th", capacity of a material to 
conduct heat through its ma."". When heat is upplicd tu one surface of the polymer it 
diffuses inwards at a rate that is detennined by the thermal conductivity of the 
polymer. Heat increases the local amplitude of ,ibration of the atoms and groups of 
atom~ which are bonded together in the polymer chain. The thermal cunductivity 
mea.~ures how strongly the vibrations of adjacent atums or groups are coupled". "Ibis 
is the principle behind tho;. use of the comparative cut bar explained in chapter 2, 
section 2.13. "lbe comparative cut bar was found to be relatively ch",ap tu design and 
it was iokal for tho;. m"'lISurement of the thcnnal conductivity of polymeric ba~ed 












materials. Hence it was designed and used to measure the thermal conductivity of all 
the samples under investigation. 
Expanded polystyrene as a foamed thermal insulating material was chosen and its 
thermal conductivity was measured using the comparative cut bar. EPS uses the 
foamed structure to trap air and uses the low thermal conductivity of air together with 
that of the solid styrene to retard the flow of heat and this is similar for the RPS and 
Sondor samples. Expanded polystyrene (BPS) was also chosen to see if the designed 
thermal conductivity device can indeed produce the same values reported in the 
literature. The thermal conductivity value for the EPS was found to be 0.047 W.m-1K-
1 (table 4.10) and this has indicated that the EPS used has a density range between 10-
12 kg.m-3 (table 2.3, chapter 2). This is because of the fact that, as the relative density 
of the foamed structure increases, the contribution from conduction of the solid walls 
increases while that from radiation decreases7'. The k-value of all the Sondor EPEF 
samples was measured to be around 0.04 W.m-1K-1 and the RPS k-value was found to 
be 0.05 W.m-1K-1 and this is attributed to the type of bond in polymeric materials. 
Covalent bonds in a crystallographic ordered array give strong coupling (so diamond, 
for instance, is a good thermal conductor) and the weak bond and disordered packing, 
like those in EPS, RPS and Sondor EPEF samples give poor coupling with their 
crystallographic structure. Ordinary polymers like styrene, polyethylene and 
polypropylene. contain weak bonds and are disordered, and for this reason their 
thermal conductivities are lower than those of any other class of dense solids. Only 
polymeric foams have lower conductivities 7'. 
5.6 PHYSICAL PROPERTIES 
5.6.1 WVP AND LWP 
The durability of building materials, including thermal insulating materials, is a very 
important environmental consideration. Increasing attention is being given to the long 












durable are environmentally superior to less durable ones"2• Even though many 
thermal insulating materials perform well with time, moisture was found to reduce the 
insulating performance of these materials. Moisture can gather in the insulating 
material structure through vapour or pure liquid migration. Moisture transfers into the 
building structure from many sources, for example from cooking or boiling water. 
The reality here is that if moisture penetrates into building thermal insulation 
materials, it will cause it physical damage and will adversely impact on its 
performance by increasing its thermal conductivity"7. Water vapour and liquid water 
are the most serious moisture contributors in buildings, especially residential 
buildings. 
Water vapour and liquid water permeability tests wete performed on all the Sondor 
EPEF samples and their results were outlined in section 4.5. It is clear from table 4.8 
in chapter 4 that of all the EPEF samples, SPX80 accumulated the least amount of 
moisture after being exposed to water vapour for a period of 7 days. The movement 
of water vapour in an insulation system is dependent upon changes in relative 
humidity, temperature and vapour pressure. The SPX80 sample also had the smallest 
mass uptake in the liquid water permeability test (table 4.9). High levels of moisture 
can results in the formation of water droplets within the insulating material structure. 
Water has a high thermal conductivity and its build up in the foam structure results in 
a decrease in overall thermal insulation properties. 
The amount of water that can penetrate into the structure of the foam by vapour 
condensation or by pure liquid water under a temperature gradient can be surprisingly 
high as values of over 100 % weight increase having been reported in the literature'78. 
At such high levels of absorbed water, a relatively large number of foam cells must be 
substantially fined with liquid water. In immersion testing, by comparison, a closed 
cell foam structure like polyurethane and polystyrene gives a relatively high rate of 
water uptake in the early stages of the test but this rapidly reaches a plateau absorption 
value". This was found with the EPEF foams samples during the tests. Condensation 
testing under vapour pressure gradients penetration can therefore be considered to be 
a more severe test protocol than immersion testing and has been stated to be more 












appropriate for construction applications such as roofing-. The driving force for 
water vapour diffusion through an insulating material can be very low in households. 
Liquid water will penetrate any insulation without this driving force, when insulation 
is directly exposed to water. This shows that insulating materials have to be protected 
entirely from direct water. 
The nature of the RPS made it difficult to perform the WVP and L WP tests as water 
does not settle in this material, because PP and PE are water repellent and the samples 
were not closed at the sides of the specimens. Water could diffuse through the 
polyester coating in the samples. This indicates that, the problems encountered by 
insulation due to water settling in them, will be relatively low with the RPS samples. 
5.6.2 FIRE RETARDANCY 
Combustion is the process where the polymer vapour reacts chemically with oxygen 
in the reaction zone of the lli"une. generating heat and products of complete and 
incomplete combustion. The effective heat of combustion (EHC) is a measure of the 
efficiency with which the emitted gaseous products are combusted. A lower EHC 
indicates a less efficient combustion process in the gas phase. suggesting better flame 
retardancy in the material. The heat release rate (HRR) is one the most important 
parameters for characterising a material's fire behaviour. It is an indicator of the rate 
of fire growth and the intensity of the fire. A more effective fire retardant has a lower 
HRR. Release rates of heat and the products of complete of combustion (C02) 
increase with a decrease in oxygen available. whereas the release of products of 
incomplete combustion (smoke and CO) increase with an increase in the oxygen 
content. High smoke production rates (RSF) may be considered an indicator of 
incomplete combustion of volatile products. The CO to C(h ratio may be considered 
as an indicator of the degree of efficiency of the combustion process. A high CO with 
respect to C02 confirms an inefficient combustion82• 
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The key results are the heat release rate data. The lowest HRR value within the EPEF 
samples was recorded for SPX25 while SPX80 have the highest HRR value. Even 
though the SPX80 shows a rapid release of HRR after a rapid ignition, the curve in 
figure 4.20 indicates that SPX80 is the only material within the EPEF samples that 
forms a relatively large trough (or a slowing down in the HRR) after the maximum 
HRR peak. The trough suggests the formation of a charred layer which interrupts the 
ingress of air to the burning SPX80 thermal insulating material. The relatively low 
rate of smoke formation after rapid ignition and low CO relative to C~ during the 
main weight loss period indicates an efficient burning process during this time. The 
SPX80 had a longest time with respect to the lowest mass loss rate. Therefore the 
HRR curve for the SPX80 shows a long period of relatively low smouldering, during 
which the CO production is relatively low, compared to other EPEF samples. The 
results show that SPX80 does not burn with a great intensity compared to the other 
EPEF samples. The EHC values for the EPEF samples have plateaus at about 40-53 
MJ.kg- i , indicating a relatively efficient combustion process with respect to the RPS. 
The recycled polymer slabs (RPS) go through a number of burning phases, after 
ignition which is relatively late compared to the EPEF materials. The HRR curve 
shows a trough (or slowing down in the HRR) suggesting the formation of a char 
layer which interrupts the ingress of air to the burning material. A second charred 
layer is formed again after the first as indicated by a slowing in the HRR. The shape 
of the HRR curve (figure 4.21) suggests the possibility of the third char layer just 
before the end of the bum. The peak HRR is relatively high at around 750 kW.m-2• 
Another indicator of good and efficient burning of the RPS material is indicated by 
the relatively high effective heat of combustion, and a low CO with respect to C02. 
The EHC of the RPS material plateaus at about 35-40 MJ.kg- I , indicating a relatively 
less efficient combustion, with respect to the EPEF samples. 
S.7 MECHANICAL PROPERTIES 
When a thermal insulating material is installed in a building it will experience some 
kind of mechanical loading. The three wen known mechanical loadings that can be 
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experienced by a thermal ins",laling material are creep, bending and compression. 
Creep. compression and bending (flexural) stresses are important faclors to consider. 
This is lxx:ausc thermal insulating materials are subjected to creep when placed in 
roofs. Compression and Ilexural loading is experienced when loads are placed on 
these materials and may reslilt in a loss in the insulating material properties. During 
this period of mechanical loading thermal insulating materials can loose their 
insulating properties. 
Figure 5.3: SEM micrographs of LDPE foam of density 24 kg.m" (a) c()mpl~te cells 
showing the fial1accs (b) section through an edge of the cell and the 2 adjoining 
faccsiJ• 
Closed cell foams are complicated to study tJ.,cause the eel! faces do not rupture 
during tcsting and there arc contributions to the mcchanica! properties from the 
compression of the cell gas and From the stretching (tension) of the cell faces. 
Computer modelling software is mainly used to study and predict the ~haviour 0[' 
foamed polymeric materials, The polymer respons~ in closed cell foams varies 
substantially_ For example, low density polyethylene (LOPE) foams recover 
compktely when the compressive stress is removed after some tim~. This indicates 
that the polymer response is visooelastic ['or the I.DPF. samples WId this is general for 
all the polymeric foams. Figure 5.3 shO\vs a picture of the cclls belbre and after the 
material was compressed_ There is a little delbnnation in the cell structure where the 
cell separates (figure 5.3 (b». 












The same behaviour was exhibited by the EPEF samples as they recovered fully when 
the loading was removed. This indicates that if the EPEF samples experiences 
compression during application, they will loose their thermal insulating properties. 
However, they win regain the insulating properties as soon loading is removed 
because the cell structure will be fined with gas (air) again. SPX80 has the highest 
resistance to compressive loading cc;>mpared to the other EPEF samples. This is 
because of its high density (80 kg.m03) as compared to other EPEF samples. The 
denser the polymeric material is in a foam structure the higher will be stretching along 
the face of the cells83• For approximately the same deflection as the EPEF sample, the 
recycled polymers slab has shown the highest resistance to compressive loading. The 
RPS compression test was stopped because the failure was sudden. The recycled PP 
and PE's original ductility has been reduced as a result of impurities and regrinding. 
These impurities were incorporated into the RPS during fusing. The woven glass 
fibres and the thermosetting resin in the RPS had increased the compression strength 
of the slab. 
During flexural testing (bending) the samples experience tension (stretching) and 
compression at the same time. This test was done to see if the samples under 
investigation win require support during installation. This result will complement 
those from the creep tests. SPX80 has the highest flexural stress and flexural modulus 
as compared to other EPEF samples as a result of its high compression strength. All 
of the EPEF samples were stopped during these tests as they were deforming 
continuously after the maximum flexural strength was reached and this shows that 
they all have an elastic behaviour under tension. The RPS flexural stress and flexural 
modulus are very high as compared to the SPX80. The gypsum board flexural stress 
and flexural modulus values are higher than those of EPEF samples, but lower that the 
RPS values. The gypsum board was not evaluated for thermal properties, but for 
flexural support. Above their glass temperature, polymers show slow, permanent, 
time-dependant deformation ( creep) 76. Both SPX80 and RPS showed no deflection 
attributed to creep after 14 days of testing. 












5.8 ECONOMICS OF INSULATION 
Thennal insulation of buildings is a long term investment. This suggests that when 
selecting a thermal insulation material, the optimum results have to be achieved by 
using low cost thermal insulating materials with high R-values. Economical financial 
benefits are achieved when a thennal insulating material is used with the smallest 
thickness possible. When the thickness of an insulating material is increased for 
optimum results, then the cost of manufacturing it win also increase. An increase in 
the manufacturing cost win make the thennal insulating material more expensive. 
Computer software can be used to evaluate the optimum thickness for thermal 
insulating materials5J• An alternative way that is not based on computer simulations 
was found and used. This was achieved by calculating the amount of energy that win 
be lost through a thermal insulating material and the corresponding amount of money 
that win be lost. 
Table 4.10 shows the calculated R-values, heat lost through an insulating material 
(HFR) and Rand loss (RL) per unit area. This was calculated for all the EPEF 
samples, the RPS and EPS. EPS values were calculated for comparison purposes. 
Among the expanded polyethylene foams (EPEF samples), the SPX33FRA and 
SPX80 (34 mm) performed better in terms of the HFR and RL. The RPS has shown 
higher values of HFR and RL values compared to the SPX33FRA and SPX80. The 
HFR and RL values for the RPS, SPX33FRA and SPX80 are relatively higher than 
the expanded polystyrene's (EPS's) HFR and RL values. The R-values for the EPEF 














Based on the study undertaken the following conclusions can be drawn: 
• The properties of thermal insulating materials are complex and difficult to evaluate 
and measure. The most significant properties that cause a material to be a good 
insulator are the thermal conductivity (k-value), thermal resistance (R-value), 
combustibility, density and moisture resistance. The thermal performance of the 
thermal insulating material is sensitive to small changes in one of these properties 
and could lead to a poor performance of the thermal insulating material. There are 
three main different forms of thermal insulating materials on the South African 
market, viz: reflective, resistive and composite. Aluminium foil is the only 
reflective metal that is used in the development of reflective thermal insulation 
products. Polyester, glass fibre and styrene (foamed) are the most commonly used 
materials in the construction of resistive thermal insulating products. Composite 
thermal insulating materials developed for the South African market are mainly a 
combination of reflective and resistive insulating materials. 
• The procedure in the production of a low-cost thermal insulating material is rather 
challenging. Polymeric materials have the excellent thermal properties compared 
to any other solid materials. Their thermal properties are enhanced when they are 
foamed. In the production of the recycled polymers slabs (RPS) a relatively low 
technology process was used. The RPS is affordable when compared to Sondor's 
SPX80 (expanded polyethylene) product, for example. The recycled polymers 
slab (RPS) and SPX80 are relatively low in cost, practically safe, and moisture 
resistant developed thermal insulating materials. When RPS and SPX80 are used 
together with the gypsum board during installation they will not combust. The 
RPS and SPX80 as thermal insulating materials win reduce energy heating costs 
and increase the comfort levels in houses where they are installed. These two 
..................................................................................................................................................................... .:.:== .. 
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chosen thermal insulating materials, RPS and SPX80, have to be supported when 
in place, especially when installed in the roof. The compression and flexural 
strength of SPX80 are very low and no permanent loading stress must be present 
in service. The heat loss rate through SPX80 (18mm) and RPS (14mm) are 
relatively low and the Rand losses per unit area for these two samples are 
considerably low. 
• The measurement of the thermal conductivity is highly complex. The comparative 
cut bar method is relatively cheap to design and it is ideal for the measurement of 
the polymeric based materials' thermal conductivity. The thermal conductivity of 
the expanded polystyrene was accurately measured using the comparative cut bar 
and accurate k-values of the RPS and EPEF samples were obtained. 















Based on the complex nature of the processes involved in the production of a low-cost 
thermal insulating material, the following recommendations are made: 
• Although the recycled polypropylene and polyethylene have shown good results in 
developing a low-cost thermal insulating material, more research should be done 
on other remaining recycled polymer materials. This will further help to evaluate 
the possibility of finding a raw polymer based material that could also be 
applicable to a low-cost thermal insulating material. 
• Foamed polymers have shown good thermal properties in this study. The recycled 
polymer slabs were not foamed using blowing agents, because the process is 
rather complex and needed time. A study should be conducted on fmding an 
inexpensive process of using blowing agents to form a foamed structure. The 
foamed polymers were found to absorb moisture into their cells and this reduced 
the thermal performance of the materials. Even though moisture resistance 
mechanisms are rather expensive to be incorporated into the foamed thermal 
insulating material, a study should be conducted in order to find a cheap method 
of reducing the susceptibility of foamed thermal insulating materials to moisture. 
• The chosen thermal insulating materials from the investigated samples are 
relatively flammable. Fire retardants are relatively expensive and alternative 
methods of reducing the flammability of this product should be investigated. A 
study should be conducted on the possibility of incorporating cheap fire retardants 
into the thermal insulating materials. 
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THE PROCEDURE TO MAKE A POLYMER SLAB 
The procedure to be flowed to make slabs is as fonows: 
.. Fm the mould with the material e.g. powder. 
• Set the target pressure on the pressure gauge with the red needle. Put the 
mould on the metal base; insert the thermocouple into the bottom wall of the 
mould, and tighten the pressure release valve and jack up to the target 
pressure using the pressure-applying lever. 
• Set the target temperature on the temperature controller. Heating begins as 
soon as the voltage is applied to the controller. 
.. The pressure continuously falls during heating. This must therefore be 
accordingly adjusted during the entire heating process. 
• After heating for the required time, switch off the controller and open the tap 
for water to flow through the cooling pipes. Do not apply any pressure 
anymore. 
• Once fully cooled, open the hydraulic release valve. Remove the mould and 












THE PROCEDURE OF USING THE HOT BOX 
The house (hot-box) is divided into three portions: 
• The roof 
• Room A 
• RoomR 
The light bulbs in the roof supply the heat to increase the temperature in the rooms. 
The temperature in each room is monitored by a small (Mini) thermometer, where the 
tip of the stem must protrude at !east 30 llllll into the room. Table.! below tabulates 
the technical data [Of Mini-Thermometer. 
Table I. Tecbn;<al data fnr tbe Mini_Tbermom.toc 
-$0 ,.ll~O"C




The temperature of the rooms !lIld the roof is recorded after fixed time intervals. e.g. 
after every 15 minutes. Room A must totally be covered in the l'<)(lr with the tested 
(insulating) material and Room B with the standard insulating material (gypsum board 
and lsothenn Polyester). 












Temperature Comparison Tests 
THE GRAPHICAL REPRESENTATION OF ALL THE SONDOR EPEF AND RPS THERMAL 
INSULATING MATERIALS SAMPLES FOR THE TEMPERATURE COMPARISON TESTS 
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Temperature Comparison Tests 
THE GRAPHICAL REPRESENTATION OF ALL THE SONDOR EPEF AND RPS THERMAL 
INSULATING MATERIALS SAMPLES FOR THE TEMPERATURE COMPARISON TESTS 











Table l. Tabulation of tbe ........ ge temp . .... t" ... ("C) nlue • ..."orded for the 
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Thermal Conductivity Calculations Data 
T, 62.3 ~7.J '" ... S1.4 49.3 '" '" 53.6 .U 'M 62.7 ." ." U, " . ." •. , 64.' ' 4.2 64.7 
". 4H -ii' 41.9 '" 42.' 45.9 ". • 51.4 54.4 
., 16.4 51.9 •• 57.' '" •• 50.4 50..i 51.1 
T, •• '" ", ., JU '" • •• " .. 3M .jl.G •. , 41.5 '" '" . , ••• 47.1 •. , 4U 4J.J 42.2 
T, '" 11.0 '" '" 34,1 11.5 > .• > .• 35.7 
., 
'" J4.7 21.1 '" ll.' 4U 41.' '" J4,5 33.' J5. J 
Whor.lIT I = TI - T
" 











R"ydd Poly"'''' SI.b (RI'S) bp ..... d PQ~'''~l'''' F.,.," (S""l~ Eip .... <d PoIy<1h}I<ll' F.,. .. (~rX.l3) 
no .... .. e""do,'"'''' " , ... "" .. " .... "" ... ",,",, .. ,, :n..x •• 1 e ... ,';'.,. . f ' .K5o' " ...... ... r n .. "" ... , .. ,~., c.."""",'''' .. .. ~", .. ....... ". .. " .. <0, .< 
, .. " ... ". T_~_~ " ......... " , ..... '~~ .. " .... 0;. T" ••• n".~ T • .,..-.-.. "- - , ... "...." ,. __ .. ,., ..... - , .... _w~ (k .... . "".K) ", '" ,,, (1< ..... "'W'-K) ,,, '"c, ", 1· . ...... WI.Kj <"') " ,,, •• '<, ", ,'r, ," ,", Ll.' •• U, ,,, u, ,,. ~T, "., '" M, " ,", " M, .. to .. ,"" •• , ..... '" .. , ""'"'" .... .. 
"'k·.' ..... ' .. ' .. ,~., u, u M, " -"'. " "hM'"","""",., ~T. u U '" u, 
' ..... ~.I ....... 
" uk._. to,. , .. ,_ , u, " 'T. " M. " 
,_"" ... fH"": , .... " .. .,. ",'lXl', ' .... "'""11} .... OW ' I .. •• "(~Y,".n,)I"'Y. ", " u. " ", " -. "('Y, •. 'Tlf:tOT ~T, " ,\I. " ". " '. -. 'I." "T,lfHT, ~T, .- U, ,. ", " 
C.~."I<01"" l ..... ~' .. ·wx" c"'.~ ... '""" 
(R",,, ..... ". *." 'd •• ) ,- . - .. .. N'~") .- - ,. I"PXJJ) _ . - '"' (,,'ooK) ("'.K) (1'0'-'>''') 
,'" ..... "~(WI.K) ,- ~ .. " ., k""" IWI.K) ',- ".,.... ""'" ('H.K) .-
, 
~"'~ , , , ~ 
,..,. .... e",,',,"~l1}" 
,,::;~::: ''::'?J: , tho " .... ro ~ I "" ;''''' , ';;: ';;; .......... "'i.K) ,~ •••• , , 
• 
tl . .. , •• ~ .... ~ 
.~ • " 
, • , " 
I," ' ". " u, " u, " . ~ , , , u, u ". .. ". .. u, " ". . , u • .. ,. ), 
~ C.ko~'''' """"u (\<'X""~') ','l< .- •• , , - , •• _ . •• • • ,-, ;'= , . , , .. " .. ,· ... M(I'o"·K) 
' ffl • w ... 
['pand.d Poly.!hyl.n. ~'O'III (EI'S) 
rh ...... 1 Co.d~"i,il)'.1 fEn'SH . ! ,,,",, .... tof T .. '" "'"if 
'h' ",.d"d T' . .... ''' .. T . . .. ' ... '" ". "'"0"'' 
(~.-(I.(l4WI .. K) 
,,, 1'<1 '" An~ ", " .• ". " .  ". ",,' II>< 10 ..... 1. ""d io 
<.I .. I.".~ 'h' lk",~.1 '''. " U, 0,' '''. ... 
,.nd"",i_it)-· or EPS : 
1 1<. '; k,', (&T, + H,)ll~r, --", ' , ", ... ", " 
C. i<ulot.d k", 
(H~) LO" I,,., ... 
f'I"I.K) 
.'1.'-'''1' ~'" I"'/"\() .... , 












N3me and Function Component for tbe Portable Hybrid Recorder 
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